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For civil engineering projects related to soft clayey deposits, engineers inevitably have to 
consider the consolidation behaviour of the deposit. Due to the natural viscosity of clayey soils, 
their consolidation behaviour is strongly influenced by strain rate. Also sedimentary clay, such 
as soft Ariake clay, exhibits anisotropic consolidation behavior, having different consolidation 
properties in the vertical and the horizontal directions. An understanding of the strain rate 
effect on consolidation behaviour and the anisotropic consolidation behavior is useful for 
designing geotechnical projects such as embankments, foundations in regions with clayey 
deposits. An odometer can conduct constant rate of strain (CRS) consolidation test with 
vertical or radial drainage was developed and used to experimentally investigate the 
consolidation behavior of Ariake clay. A total of 248 CRS consolidation tests were conducted 
for undisturbed Ariake clay samples from seven boreholes in Saga Plain, Kyushu, Japan. The 
main items investigated are: consolidation yield stress (pc), compression index (Cc), the 
coefficient of consolidation (cv) and the hydraulic conductivity (k). 
The test results show that the consolidation behavior of Ariake clay is strain rate dependent. 
There is a clear relationship between the strain rate effect (SRE) and clay content. Increase of 
clay content, increases SRE. Regarding the pc values of Ariake clay, it increased by about 14% 
with a tenfold increase in the strain rate. The ratio of consolidation yield stress in the horizontal 
direction (pch) to that in the vertical direction (pcv) is in the range of 0.5 to 1.0, and the average 
value is about 0.7. For Cc value, at a given strain level, the strain rate does not influence Cc, 
which implies that the isotach model is applicable to Ariake clay.  
Under a given effective vertical stress, cv increased with the increase of strain rate resulting 
mainly from the increase of k. Linear regression results in about a 30% increase of cv for a 
tenfold increase in the strain rate. The coefficient of consolidation in the horizontal direction 
(ch) is larger than that in the vertical direction (cv), and it is mainly from the anisotropy of k. 
The ratio of k in the horizontal direction (kh) from radial drainage CRS test to that in the 
vertical direction (kv) is about 1.65. The kh value from CRS test using horizontally cut sample 
with vertical drainage is smaller than that from CRS test using vertically cut sample with radial 
drainage. The possible reason is the different deformation pattern of the two types of tests. 
There are two theories for interpreting CRS test results, i.e. small strain theory and large 
strain theory. The small strain theory is simple and is adopted into the standards for CRS test. 
While the large strain theory will be much more appropriate under the condition of large strain 
and high strain rate. The strain distribution pattern within the sample of CRS test obtained by 
the small strain theory and the large strain theory were compared with the results of numerical 
simulations. The large strain theory compares well with the result of the numerical analysis for 
a wide range of strain rates. It has been clarified that the large strain theory results in smaller cv 
value and less strain rate effect (14% increase of cv for a tenfold increase in the strain rate). It is 
suggested that small strain theory can only be used for small strain rate (r) with 𝑐v 𝑟𝐻2 ≥ 10⁄  
(H is the thickness of soil sample). 
Comparing the pc and cv values from the incremental loading (IL) and CRS tests suggests 
that the pc and cv values from CRS tests for a strain rate of 0.02%/min are comparable with 
those of IL tests. The analysis shows that for Ariake clay tested, the average strain rate for up 
to 90% degree of consolidation is about 0.02%/min. 
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For convenience of sea transport, many big cities in the world are located on clayey 
deposit around coast area, thus large number of structures built on soft soils. For civil 
engineering projects related to soft clayey deposits, engineers inevitably have to consider 
the consolidation behavior of the deposit.  
Because to the natural viscosity of clayey soils, the consolidation behavior of such soils 
is strongly influenced by strain rate, and therefore strain rate effect has a strong 
engineering impact, e.g. construction speed and the mobilized strength. An understanding 
of the strain rate effect on consolidation behaviour is useful for designing geotechnical 
projects such as embankments, foundations in areas of clayey deposits.  
For sedimentary clay, consolidation properties in the horizontal direction are usually 
different from the consolidation properties in the vertical direction due to the anisotropic 
nature of soil. During the last decade, the prefabricated vertical drain (PVD) has become 
one of the most popular ground improvement techniques used to treat the soft clay. The 
design of PVD ground improvement requires consolidation characteristics in both the 
vertical and the horizontal directions. An understanding of the anisotropic consolidation 
behavior under both vertical and horizontal drainage conditions is useful for designing 
vertical drain improvement. 
In geotechnical practice there are two test methods for determining the consolidation 
characteristics of a clayey soil: namely incremental loading (IL) and constant rate of strain 
(CRS) consolidation tests. Due to IL test is more convenient to be conducted and the 
equipment is relatively simple, it is extensively used for geotechnical project related to 
clayey deposit. However, the strain rate effect on consolidation behavior can only be 
investigated by the CRS test. Also, in comparison with the IL test, the CRS test has several 
merits, for example, the test duration can be substantially reduced, and it provides 
continuous data points for a plot of void ratio (e) against effective vertical stress (𝜎v′), 
which can increase the accuracy of determined consolidation yield stress (pc). So the topic 
of this study is consolidation behavior under constant rate of strain. 
1.2 Objective and scope of research 
(1) Strain rate effect on the consolidation behavior of Ariake clay 
Although some constant rate of strain CRS test results using undisturbed Ariake clay 
samples have been reported (Chai et al., 2006; Tanaka et al., 2000, 2006), there has been 
no systematic study of the strain rate effect on the consolidation behaviour of Ariake clay. 
In this study, systematically experimented investigation on the strain rate effect will be 
conducted using both CRS tests and incremental loading (IL) tests in term of consolidation 
yield stress (pc), compression index (Cc), coefficient of consolidation (cv), coefficient of 
volume compressibility (mv) and hydraulic conductivity (k). Further, the degree of the 
strain rate effect and the clay content will be studied using the same soil samples for CRS 
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test and grain size distribution test. Also by comparing the results of IL tests with that of 
CRS tests, to identify at what kind of strain rate, the consolidation characteristics (pc and 
cv) obtained from CRS tests will be comparable with those from IL tests. 
(2) Anisotropic consolidation behavior of Ariake clay 
There are only a few researches on the anisotropic consolidation behavior of Ariake 
clay. Park (1994) conducted the IL tests for vertically and horizontally cut undisturbed 
sample to study the anisotropic consolidation behavior of Ariake clay. For Ariake clay, 
there has been no systematic study about the anisotropic behavior of consolidation. The 
anisotropic consolidation behaviors of Ariake clay will be systematically investigated 
through the comparisons of: (1) the CRS test results of radial drainage with that of vertical 
drainage; and (2) vertically and horizontally cut samples under vertical drainage.  
(3) Suitable theory for interpreting CRS test results 
There are two theories for interpreting CRS test results, i.e. small strain theory (Smith 
and Wahls, 1969; Aboshi et al., 1970; Wissa et al., 1971) and large strain theory (Umehara 
and Zen, 1980; Lee, 1981; Znidarcic et al., 1986). Small strain theory is simple and is 
adopted into the standard for CRS test (JSA, 2000b; ASTM, 2006). However, under a 
consolidation pressure of few hundreds kPa or even 1000 kPa, for a soft clay sample with 
an initial water content more than 100%, the strain can be as large as 30%. This kind of 
strain cannot be regarded as a small strain and large strain theory will be much more 
appropriate. Therefore, it is needed to clarify that under what kind condition the small 
strain theory can yield an acceptable result, and for what kind of condition, the large strain 
theory may result in a better or more realistic result. The strain distribution within the 
sample of CRS test obtained by small strain theory and large strain theory will be 
compared with the results of numerical simulations. The coefficient of consolidation (cv) 
and strain rate effect on cv calculated by large strain theory will be compared with that of 
small strain theory. The applicable range of small strain theory will be suggested. 
1.3 Tasks need to be investigated 
1.3.1 Strain rate effect on consolidation behavior 
(1) Strain rate effect on stress-strain curves and pc of Ariake clay 
Although some CRS test results using undisturbed Ariake clay samples have been 
reported (Chai et al., 2006; Tanaka et al., 2000, 2006), there has been no systematic study 
of strain rate effect on stress-strain curves and pc of Ariake clay. The strain rate effect on 
stress-strain curves and pc of Ariake clay will be systematically investigated in this study. 
By comparing the results of IL tests with that of CRS tests, the strain rate for a routine 
CRS test will be investigated. 
(2) Strain rate effect on coefficient of consolidation (cv)  
Regarding the coefficient of consolidation (cv), there are several theoretical studies on 
obtaining the value of cv from the CRS test (Aboshi et al., 1970; Lee, 1981; Smith and 
Wahls, 1969; Umehara and Zen, 1980; Wissa et al., 1971; Znidarcic et al., 1986), but there 
is no generally accepted conclusion regarding the effect of strain rate on cv. The strain rate 
effect on cv and k will be systematically investigated in this study. 
(3) The degree of strain rate effect and clay content 
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The strain rate dependent behavior is due to the viscosity natural of clayey soils. 
Fundamentally the strain rate effect should be related to clay content and clay mineral of a 
soil. There are also researches on the relationship between the degree of strain rate effect 
and the clay content and plasticity index (Ip) of clayey soils (Graham et al., 1983; Tanaka 
et al., 2000), but there is no definite conclusion on this aspect. It is considered that one of 
the reasons for this kind of situation is that in most laboratory test program, the samples for 
CRS consolidation test and grain size distribution test are different. The tested samples 
were used for grain size distribution tests, and the relationship between the strain rate 
effect and clay content will be studied.  
1.3.2 Anisotropic consolidation behavior 
(1) Consolidation yield stress in horizontal direction (pch) 
There has been no systematic study of consolidation yield stress in horizontal direction 
(pch) using CRS test. The pch will be investigated and compared with pcv through CRS test 
using vertically and horizontally cut samples under vertical drainage. 
(2) Coefficient of consolidation in horizontal direction (ch) 
Although the ratio of ch/cv have been reported through the comparison of CRS test with 
radial drainage and vertical drainage (Yune and Chung, 2005; Sea and Koslanant, 2003), 
there has been no study of ch of Ariake clay through CRS test. The ch of Ariake clay will 
be systematically investigated and compared with cv through CRS test results of radial 
drainage with that of vertical drainage, and vertically and horizontally cut samples under 
vertical drainage. 
1.3.3 Suitable theory for interpreting CRS test results 
(1) Comparison of theoretical strain distributions with numerical results  
Although there are several theoretical studies about strain distribution within the sample 
of CRS test and interpreting CRS test results (Aboshi et al., 1970; Lee, 1981; Smith and 
Wahls, 1969; Umehara and Zen, 1980; Wissa et al., 1971; Znidarcic et al., 1986). There 
has been no study of comparison of theoretical strain distributions with numerical results. 
The strain distribution pattern within the sample of CRS test will be investigated 
numerically and the results will be compared with the strain distribution pattern obtained 
by various theories. 
(2) Effect of strain distribution pattern on interpreting CRS test results 
There has been no study of comparison of CRS test results interpreted by different 
theories. The cv and strain rate effect on cv calculated by large strain theory will be 
compared with that of small strain theory. The applicable range of small strain theory will 
be suggested. 
1.4 Organization of this thesis 
This dissertation contains seven chapters. Following the introductory chapter (Chapter 
1) which describes the background, objective and scope of the work, and tasks need to be 
investigated, Chapter 2 reviews the literature about theoretical study on interpreting CRS 
test results, strain rate effect on consolidation behavior and anisotropic consolidation 
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behavior. Chapter 3 describes relevant details of the experimental investigations (the soil 
samples, test equipments, test methods and the result interpretation) carried out in this 
study. Chapter 4 presents the strain rate effect on consolidation behavior of Ariake clay 
based on the vertical drainage CRS test results. Chapter 5 investigates the anisotropic 
consolidation behavior of Ariake clay based on the radial drainage CRS test results and 
comparisons with the vertical drainage CRS test results. Chapter 6 investigate the effect of 
strain distribution pattern on interpreting CRS test result through the comparison of the 
strain distribution within the sample of CRS test obtained by small strain theory, large 
strain theory and numerical simulations. Finally, the conclusions drawn from this study and 
recommendations for future works are given in Chapter 7. 
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2 LITERATURE REVIEW 
2.1 Introduction 
Hamilton and Crawford (1959) and Crawford (1964) reported using constant rate of 
strain (CRS) consolidation tests for speeding up the testing process and for testing material 
under strain rates that more closely approximate the field strain rates, which is considered 
as one of the pioneer works in this area. Subsequently, there are several theoretical studies 
on interpreting the CRS test results, and numerous CRS test were performed to investigate 
the effects of strain rate on the stress-strain curve of clays and consolidation yield stress 
(pc). Recently, some CRS tests with radial drainage test have been reported for 
investigating the anisotropic consolidation behavior of clay. This literature review mainly 
contains three parts: (1) theories for interpreting CRS test results; (2) strain rate effect on 
consolidation behavior; and (3) anisotropic consolidation behavior. Comments are given 
for the areas more researches are needed. 
2.2 Theories for interpreting CRS test results 
To make a successful prediction of consolidation process requires that both the theory 
used to model the field problem and the material properties used by the theory must be 
appropriate and suitable. Thus the testing procedure must provide reliable and consistent 
information on the material behavior. Further, the test procedure must be accompanied by 
methods of analysis that will deduce values of the material properties. There are several 
theoretical studies about strain distribution within the sample of CRS test and interpreting 
CRS test results. The existing theories can be divided into small strain theory and large 
strain theory according to whether considering the change of the thickness of the sample 
during a time interval.  
2.2.1 Small strain theory 
(1) Smith and Wahls method 
Smith and Wahls (1969) developed the governing equation for CRS test based on the 
continuity of flow through a soil element as follows: 





















                        (2.1) 
where z = the vertical coordinate of a point, k = hydraulic conductivity, e = void ratio, 𝛾𝑤 
= unit weight of water, u = excess pore water pressure and t = time. The e is assumed as a 
linear function of time and space variable as follows: 


















5.010                      (2.2) 
where e0 = initial void ratio, re = the rate of change of the average void ratio, H = thickness 
of the sample; b = a constant that depends on the variation in void ratio with depth and 
time. By assuming that the term (1+e) in Eq. (2.1) can be replaced by (1+eav), where eav is 
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not a function of z, and introducing the boundary conditions 𝑢(0, 𝑡) = 0  and 
∂𝑢 ∂𝑧⁄ (𝐻, t) = 0, the solution to Eq. (2.1) is obtained in the form as follows: 





























322γ                (2.3) 
An average effective vertical stress (𝜎v′), and an average k can be calculated as:  
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By assigning these values to the average void ratio, the effective vertical stress-void ratio 
and void ratio-permeability relationships are obtained. 
The strain distribution within the sample is shown in Fig. 2.1. 
 
Fig. 2.1 Strain distribution within the sample (Smith and Wahls method) 
This theory has two major problems. First, the correctness or reliability of the 
assumption that the void ratio is a linear function of the time and space variables is difficult 
to be evaluated, and therefore the accuracy of the obtained material properties is not known. 
The second problem is that the parameter b is not known, and there is no procedure for its 
determination. Since the resulting material characteristics depend on the chosen value of b, 
one cannot ascertain which value to use unless some other reference tests are performed on 
similar specimens. 
(2) Wissa et al.’s method 
The analysis (Wissa et al., 1971) starts from the governing equation for consolidation 
written in terms of strains as follows: 
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Wissa et al. (1971) obtained the solution for Eq. (2.6) as follows: 


































ε        (2.7) 
where 𝜀 = vertical strain; r = strain rate; 𝑐v = coefficient of consolidation (𝑐v = 𝑘/
𝛾w𝑚v); 𝑚v = the coefficient of volume compressibility; Tv = time factor (𝑇v = cv𝑡/𝐻2). 
It can be seen from Eq. (2.7) that the term containing the exponential function vanishes 
for large values of time and when time tends to infinity, the strains have a parabolic 
distribution within the specimen. This is called “steady state” by Wissa et al. (1971). For 
the steady state condition, the term containing the exponential function in Eq. (2.7) is 
neglected, and a parabolic strain distribution within the specimen is obtained as: 
























ε                  (2.8) 
The strain distribution within the sample is shown in Fig. 2.2.  
 
Fig. 2.2 Strain distribution within the sample (Wissa et al.’s method) 
For the linear assumption (𝑚v = d𝜀 d𝜎v′⁄ = constant), the coefficient of consolidation 
is obtained as: 










0                           (2.9) 
where ub = excess pore water pressure at the bottom of the sample, ∆𝜎v = total vertical 
stress increment in a time interval of ∆𝑡 and ∆𝑡 = time interval. 
The strains at the top and bottom of the specimen can be calculated by Eq. (2.8), and 
since the applied load and excess pore water pressure are measured, the stress-strain 
relationship of the specimen can be determined. Alternatively, the average effective 
vertical stress is  
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2
−=′ σσ                         (2.10) 
which can be associated with average strain 𝜀ave = 𝑟𝑡. 
In the case of the nonlinear assumption (𝐶c = −d𝑒 dlog𝜎v′⁄ = constant), the procedure 
is similar but the expressions for the coefficient of consolidation and the average effective 
stress are changed to 















−=                    (2.11) 
and 
                           3/1223 )2( bvbvvv uu σσσσ +−=′                    (2.12) 
The expression for the average strain is the same since the strain distribution does not 
depend on the applied void ratio-effective vertical stress model. 
Although the analysis described above is theoretically consistent, some of the 
assumptions are not always justified. First, the analysis is based on the assumption that 
coefficient of consolidation is constant throughout the test. The second assumption is that 
the coefficient of volume change (linear assumption) or compression index (nonlinear 
assumption) is constant. 
The small strain theory is based on the assumption that strain is infinitesimally small. 
This is standard assumption made also for incremental loading (IL) consolidation test. In 
the IL test the load increment can be reduced to preserve the small strain assumption, yet 
no such means are available in the CRS test. A strain magnitude as high as 30% has been 
reported for CRS tests by Smith and Wahls (1969), while a magnitude of around 20% is 
not uncommon in the published results (Gorman et al. 1978). Under these circumstances a 
large strain theory will be much more appropriate. 
2.2.2 Large strain theory 
(1) Umehara and Zen method 
The analysis method proposed by Umehara and Zen (1980) is based on the large strain 
consolidation theory developed by Mikasa (1963). The governing equation is 











∂ ζζζ                            (2.13) 
where ζ = (1 + 𝑒0) (1 + 𝑒)⁄ = 1 (1 − 𝜀)⁄ .  
The governing equation is solved numerically with the appropriate boundary conditions 
and for various values of a non-dimensional parameter 𝑐v 𝑅⁄ 𝐻0 (where R is the rate of 
deformation, and H0 is the initial thickness of the sample). A series of charts with curves 
relating the consolidation ratio to the strains and the non-dimensional parameter 𝑐v 𝑅⁄ 𝐻0 
has been constructed. 
From the experiment, a ratio F of strains at the two ends of the specimen can be 
determined in the same way as suggested by Wissa et al. (1971): 










=                     (2.14) 
where 𝜎v0′  = initial effective vertical stress. Using the constructed charts, a value for the 
- 9 - 
 
parameter 𝑐v 𝑅⁄ 𝐻0 corresponding to the ratio F can be obtained. When this parameter is 
known, the consolidation ratio at both ends of the specimen can be found from other charts. 
Thus, both the coefficient of consolidation and the effective vertical stress-void ratio 
relationship are obtained. 
The strain distribution within the sample is shown in Fig. 2.3.  
 
Fig. 2.3 Strain distribution within the sample (Umehara and Zen method) 
(2) Lee’s method 
The method proposed by Lee (1981) starts with the governing equation written with the 
porosity n as the dependent variable: 
















n                          (2.15) 
where z is a convective coordinate system, and therefore its domain is variable with time. 
This formulation includes some unnecessary difficulties in solving the problem because of 
the variable domain. 
A solution to Eq. (2.15) with the appropriate boundary condition is obtained 
numerically by assuming the coefficient of consolidation to be constant throughout the test. 
A dimensionless parameter 𝛽 (normalized strain rate) is defined as: 
                               vcrH
2
0=β                            (2.16) 
and solutions for different values of 𝛽 are obtained. It is observed that for small value of 
𝛽 (less than 0.2), the finite strain solution is closely approximated by the infinitesimal 
strain solution. Based on this finding, an analysis procedure, which closely follows that of 
Wissa et al. (1971) is suggested. The procedure is also divided into two parts: the steady 
state and transient state. In the transient state, the similarity between infinitesimal and 
finite strain theories is invoked, and therefore exactly the same analysis as suggested by 
Wissa et al. (1971) is recommended. 
The steady state analysis represents a slight modification of the above. First, it is 
recognized that a true steady state does not exist during the test when the finite strain 
formulation is used. Therefore, some additional assumptions are needed in order to apply 
an analysis similar to the one proposed by Wissa et al. (1971) for the steady state condition. 
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The first assumption is that the strain distribution within the specimen can be approximated 
by a parabolic function. This assumption is a result of the analysis when an infinitesimal 
strain theory is used. After neglecting higher powers of the parameter 𝛽 , a simple 
expression for the coefficient of consolidation is obtained as: 










                         (2.17) 
This expression is equivalent to Eq. (2.9). The only difference is that here H represents the 
current height of the specimen. 
When the value for the coefficient of consolidation is found, strains within the specimen 
can be calculated. Thus, the void ratio-effective vertical stress relation can be found. In the 
discussion of the proposed analysis, Lee (1981) recognized a strong possibility that distinct 
curves can be found when the calculating is performed for strains and stresses at different 
ends of the specimen. There is no rationale procedure to decide which of the curves is the 
best approximation to the true material behavior. 
The strain distribution within the sample is shown in Fig. 2.4.  
 
Fig. 2.4 Strain distribution within the sample (Lee method) 
2.2.3 Summary and comments 
This section presents a summary of theoretical studies about strain distribution within 
the sample of CRS test and interpreting CRS test results. The different theory result in 
different strain distribution within the sample of CRS test and different method on 
interpreting CRS test results due to the different simplifying assumptions. The existing 
theories can be divided into small strain theory and large strain theory according to 
whether considering the change of the thickness of the sample during a time interval. Small 
strain theory is simple and is adopted into the standard for CRS test (JSA 2000b; ASTM 
2006). Large strain theory will be much more appropriate under the condition of large 
strain. For clayey soil deposit, the strain is not small. So there is a question, under what 
kind condition the small strain theory can yield an acceptable result? And For what kind of 
condition, the large strain theory may result in a better or more realistic result? In this 
study, wissa et al.’s theory (small strain theory) and Umehara and Zen method (large strain 
theory) will be used to investigate the difference between small strain theory and large 
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strain theory, and the difference of interpreted cv value by small strain theory and large 
strain theory. 
2.3 Strain rate effect on consolidation behavior 
2.3.1 Strain rate effect on stress-strain curves 
In Terzaghi’s theory of consolidation, the effective vertical stress-strain response of the 
soil is unique, linear, and time independent. However, as early as 1936 (Buisman, 1936), it 
has been recognized that time could be an important factor, since decrease of void ratio 
under constant effective vertical stress was observed. 
Suklje (1957) proposed a stress-void ratio-consolidation speed model, called the isotach 
model, to predict the secondary consolidation process of a field-size clay layer. He found 
that a set of averaged values of void ratio and effective stress is corresponding to one value 
of “specific speed of consolidation per unit of layer thickness”, which is actually the 
gradient of exit velocity of pore water flow.  
Crawford (1964) illustrated the substantial influence of rate of testing on the confined 
compression characteristic of undisturbed clay. The great difference between laboratory 
and filed rates of consolidation existed. So any consolidation theory developed in the 
laboratory must be evaluated by field observations. 
A one-dimensional model of the isotach-law type was proposed by Imai et al. (2003) for 
normally consolidated clays which have neither interparticle bonding nor sensitive 
structure. At first, the mechanical quantities that can absolutely define a consolidation state 
without employing any arbitrary reference state were examined, and it was concluded that 
specific volume (f), effective vertical stress (𝜎v′) and strain rate (𝜀̇) were best variables. 
Next, the existence of a single relationship 𝑓 − 𝜎v′ − 𝜀̇ after compression yielding was 
verified by the results obtained from various types of laboratory consolidation tests with 
the measurement of long-term secondary settlement. Then, a way of conceptualizing how 
to incorporate this relationship into the new consolidation model was introduced, and 
numerical simulations based on the new model were shown for clay layers of field-size. 
Yin and Graham (1988) presented a 1-D model for stepped loading using a new concept 
for establishing “equivalent times” during time-dependent straining. This model was 
developed into a general constitutive equation for continuous loading. The general model 
has been used to develop analytical solutions for creep tests, relaxation tests, constant rate 
of strain tests and tests with constant rate of stress. Results from three different clays had 
been used to examine the validity of the model.  
Kabbaj et al. (1988) defined in situ effective vertical stress-strain curves for five 
sublayers situated under four different test embankments. These in-situ stress-strain curves 
were compared with laboratory stress-strain curves deduced from conventional IL test 
(IL24) and from incremental loading tests with reloading at the end of primary 
consolidation (ILp) carried out on high quality samples. In the normally consolidated range, 
the ILp tests strongly underestimate the in situ stains. The IL24 tests which incorporate 
some degree of secondary compression are closer to the in situ curves. 
Consolidation settlement of two Holocene marine clays improved by prefabricated 
vertical drain was analyzed in order to investigate the applicability of CRS test by using 
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the stress-strain relations determined by the test carried out at a strain rate of 0.02%/min 
(Suzuki and Yasuhara, 2004). It was confirmed, from the comparison between the actual 
settlement and the result of the analysis, that CRS test can be applied directly to detect the 
stress-strain relations mobilized in the field when clay deposit improved by vertical drain 
was concerned. 
Various types of consolidation test (constant rate of strain tests, controlled gradient tests, 
incremental consolidation tests and creep tests) were carried out and a rheological clay 
model had been established by Leroueil et al. (1985). The clay behavior under 
one-dimensional compression was controlled by a unique stress-strain-strain rate 
relationship (𝜎v′ − 𝜀 − 𝜀̇ ) which can be described by only two curves. One is the 
relationship between preconsolidation pressure and strain rate (𝑝c − 𝜀̇). Another one is the 
relationship between normalized effective stress and strain (𝜎v′/𝑝c?̇? − 𝜀). Once the two 
relationships are known for a given soil, any stress-strain-strain rate relationship for the 
soil may be easily reconstructed.  
The applicability of the stress-strain-strain rate model established in laboratory was 
examined in field conditions under three different test embankments (Leroueil et al. 1988). 
It was shown that the model applied well to in situ conditions at large strains. On the 
contrary, at small strains, probably because of disturbance and different stress path, at a 
given strain and strain rate, the in situ effective stress was higher than the laboratory one. 
2.3.2 Strain rate effect on consolidation yield stress (pc)  
The strain rate effect on pc has been investigated for nine undisturbed marine clay 
deposits obtained from various countries including Japan (Tanaka et al. 2000). A series of 
laboratory tests were conducted on the samples under various strain rates using CRS test. 
From the data reported, an increase in pc of about 17% with a tenfold increase in the strain 
rate can be calculated.  
Laboratory tests on a wide variety of lightly overconsolidated natural clays showed that 
important engineering properties such as undrained strength and preconsolidation pressure 
are time-dependent (Graham et al., 1983). Regardless of the soil type, pc change by about 
10–20% for a tenfold change in strain rate. 
The results of IL tests and CRS tests for the soil samples from 5 boreholes in Saga, 
Japan, have been presented and compared (Chai et al., 2006). For the strain rate tested 
(0.02 – 0.1%/min), pc increased with strain rate. 
A series of conventional and special consolidation tests was carried out on clay samples 
from 11 sites in the Champlain sea basin (Leroueil et al. 1983). The test results showed that, 
for a given clay at a given depth, there was a unique preconsolidation pressure-strain rate 
relationship independent of the tests carried out, and the magnitude of the strain rate effect 
per log cycle of strain rate on pc is between 14% at Berthierville and 10% at Louiseville. 
The relationships obtained in different Champlain clays can be normalized. Correlations 
between the preconsolidation pressure values obtained from different special consolidation 
tests and the conventional test were established, and a method of estimating in-situ 
preconsolidation pressure was suggested. 
Both the compressibility and the undrained shear strength of a naturally cemented 
heavily overconsolidated clay were found to be profoundly influenced by the time effects 
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(Vaid et al. 1979). Slow rates of strain in CRS tests resulted in large reductions in apparent 
preconsolidation pressure and increased compressibility. 
Tanaka et al. (2006) assumed that the isotaches model can be applied to the 
irrecoverable strain. The strain rate effect at very small strain rate was obtained from a 
series of relaxation tests for Osaka Pleistocene clays. In the investigation the “strain rate 
dependency ratio” (SRDR) is defined as the ratio of the stress in the same strain under the 
objective strain rate, based on the strain rate of 0.02%/min. It was revealed that the SRDR 
at infinite small strain rate is about 0.7, which corresponds to the inverse value of OCR for 
the Osaka Pleistocene clays. 
Based on the CRS tests performed on soft Berthierville silty clay from Canada at 
different stain rates and temperatures, the viscous behavior of natural clays were 
investigated (Yashima et al. 1998). The behavior of natural clays during one dimensional 
consolidation was influenced strongly by strain rate as well as temperature. The 
preconsolidation pressure was a function of both strain rate and temperature. 
2.3.3 Relation between the strain rate effect and soil properties 
Tanaka et al. (2000) investigated the strain rate effect on pc using total 9 types of intact 
clay specimens collected in various areas. An attempt was made to correlate the strain rate 
effect on fundamental soil properties such as plasticity index (Ip), clay content and over 
consolidation ratio (OCR). However, it has been found that no strong correlation exists 
between the strain rate effect and fundamental soil properties. 
Graham et al. (1983) reported that the effect of strain rate on pc is essentially 
independent of test conditions, and soil type as expressed by Ip, and the influence of strain 
rate on undrained shear strength appears to be independent of soil plasticity, test type or 
stress history during laboratory reconsolidation. 
2.3.4 Summary and comments 
This section presents a summary of studies about strain rate effect on consolidation 
behavior. The compressibility or stress-strain curve is strongly influenced by the strain rate 
both in laboratory and in situ, (Leroueil, 1988). Numerous CRS tests have been performed 
on natural clays at various strain rates. All the tests show that the strain rate influences the 
compression curve of clays: at a given strain, the higher the strain rate, the higher the 
effective vertical stress. An effective vertical stress-strain-strain rate model (𝜎v′ − 𝜀 − 𝜀̇) 
seems to be most representative of the rheological behavior of natural clays. This means 
that whatever the test, at a given strain, there is a unique relation between the effective 
vertical stress and strain rate. This behavior can be described by curves of equal strain rate 
in 𝜎v′ − 𝜀 diagram and can be called the isotach model. The consolidation yield stress (pc) 
increase by about 10-20% with a tenfold increase in the strain rate. In this study, the strain 
rate effect on stress-strain curves and pc of Ariake clay will be systematically investigated. 
The strain rate dependent behavior is due to the viscosity natural of clayey soils. 
Fundamentally the strain rate effect should be related to clay content and clay mineral of a 
soil. There is no correlation exists between the strain rate effect and the soil properties was 
found in the literature (Graham et al., 1983; Tanaka et al. 2000). It is considered that one of 
the reasons is that different samples had to be used for different strain rates and the 
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samples for CRS test and grain size distribution test were also different. In this study, this 
problem will be avoided. Same sample for different strain rates and the tested samples will 
be used for grain size distribution test to investigate the relation between the strain rate 
effect and clay content. 
2.4 Anisotropic consolidation behavior 
2.4.1 Anisotropic consolidation behavior investigated by IL test 
As the oedometer test does not permit horizontal drainage, Rowe cell or other 
consolidometers which have provisions for horizontal drainage have to be used to 
determine coefficient of consolidation (ch) and hydraulic conductivity (kh) of soil in 
horizontal direction. The Rowe cell was developed by Rowe and Barden (1966) to 
overcome the disadvantages of oedometer cell and to study the effect of soil fabric. Unlike 
the oedometer test, the vertical load is applied by hydraulic pressure through a diaphragm. 
Both the equal stress and equal strain boundary conditions can be simulated using either a 
rigid loading plate or a flexible porous plastic disk. The specimen is sealed within the cell. 
As such, a back-pressure can be applied, and the volume change and excess pore water 
pressure can be measured during the test. For measurement of ch and kh, the drainage 
conditions can be arranged in one of the following ways: (a) to allow water flow to the 
periphery and (b) to allow water to flow to the center. In the former, a porous lining, 
usually porous plastic with the side facing soil smoothed is used. In the latter, a center 
drain, usually sand drain can be installed. The sand drain is installed by drilling a hole at 
the center of the specimen and then filling the hole with sand. The procedure for 
conducting a Rowe cell test is similar to that for an oedometer test, except that the volume 
change and pore water pressure data are recorded in addition to the vertical displacement. 
A comparison of oedometer test results and the Rowe cell test results for Singapore 
marine clay have been reported by Bo et al. (2003). The two oedometer tests were 
conducted on a horizontal-cut and a vertical-cut specimen, respectively. The Rowe cell test 
was conducted with horizontal drainage. The oedometer test on horizontal-cut specimen 
was meant to measure ch of soil. cv (or ch) measured by the two oedometer tests are almost 
the same, but are smaller than that obtained from Rowe cell test. Therefore, they believe 
that in terms of measuring ch, the method of using the oedometer test on horizontal-cut 
specimen is not reliable. 
Wong (2005) evaluated the ch of fibrous peat soil through Rowe cell consolidation test 
with radial drainage to periphery. Comparison results between Rowe cell consolidation test 
with radial and double drainage indicated the ratio of ch/cv of the soil is in the range from 
1.6 to 2.9 for consolidation pressures of 50 kPa, 100 kPa and 200 kPa. This implies that the 
utilization of horizontal drain maybe suitable for soil improvement to accelerate the 
settlement of fibrous peat soil. 
A new consolidometer has been developed by Chu et al. (1997) to overcome some of 
the shortcomings of the Rowe cell and combine some of the advantages of the oedometer 
cell. It adopts the oedometer setup, but allows flows in the horizontal direction and the 
measurement of volume change and pore water pressure. The device has an enclosed 
chamber so that the back-pressure can be applied, and volume and pore water pressure 
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changes can be measured. The vertical loads on the specimen can be applied in stages 
through a rigid platen by an oedometer compression frame or by a triaxial compression 
machine to conduct constant rate of strain tests. The oedometer is also designed as a 
floating ring to reduce the friction between the specimen and the ring. During the test, all 
the readings can be taken by a data-logger. 
For Ariake clay, Park (1994) reported that the ratio of kh/kv is about 1.5 through IL test 
with vertically cut sample and horizontally cut sample under vertical drainage. 
2.4.2 Anisotropic consolidation behavior investigated by CRS test 
 A consolidometer for peripheral radial drainage under constant rate of strain (CRS) 
loading was developed by Yune and Chung (2005). Comparative experiments with CRS 
loading and incremental loading (IL) were carried out in radial drainage and also in vertical 
drainage. The results obtained from the developed CRS loading test agreed well with those 
of the conventional incremental loading test for radial drainage. No noticeable difference 
in compression curves between radial and vertical drainage was perceived. The effect of 
strain rate for the CRS test was not clearly identified in its selected range of 4.2%/h to 
12.9%/h. In the overconsolidated state, the drainage direction effect is hardly observed, and 
cr values in a normally consolidated state are higher than cv values, reflecting that the 
anisotropy of permeability (i.e., higher permeability in horizontal direction) appeared to be 
noticeable in virgin compression. Higher anisotropy in the undisturbed sample (ch/cv = 1.7) 
than that in reconstituted sample (ch/cv = 1.3) is observed. 
A method of determining the consolidation characteristics of soft Bangkok clay under 
the center radial drainage condition by using a newly developed CRS consolidometer was 
reported by Sea and Juirnarongrit (2003). A series of CRS tests under radial drainage were 
compared to the results of oedometer tests under vertical drainage. The CRS compression 
curves at a strain rate of 1×10-6/s agree with those obtained from conventional oedometer 
tests. Hence, the CRS test at this strain rate can be used for routine testing on Bangkok clay. 
The ratios of kh/kv and ch/cv increased from 1.5 to 3 with increase in effective vertical stress 
from 20 to 500kPa and at effective overburden stress the ratio is about 1.45, indicating that 
Bangkok clay is anisotropic. The horizontal coefficient of permeability and consolidation 
obtained from CRS tests under radial drainage are independent of strain rate. The 
horizontal coefficients of consolidation from field piezoprobe tests are in good agreement 
with the results from laboratory CRS tests. 
While Sea and Koslanant (2003) investigated the anisotropic consolidation behavior of 
soft Bangkok clay by means of CRS tests with vertical and radial drainage conditions. The 
results of CRS tests under different drainage conditions indicated that soft Bangkok clay is 
almost isotropic in its natural state. The ratios of kh/kv and ch/cv are close to unity at in-situ 
effective stress with an overconsolidation ratio of 2. The ratios increased with increasing 
stress due to stress-induced anisotropy of the soil. 
For determining the kh of clay, a consolidometer for center radial drainage under CRS 
loading and method for determining kh was developed by Moriwaki and Satoh (2009). The 
test results indicated that ratio of kh/kv is about 10 in the initial virgin compression range, 
the ratio decrease when the stress increase due to the original structure was destroyed.  
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2.4.3 Summary and comments 
This section presents a summary of studies about anisotropic consolidation behavior 
investigated by IL and CRS tests. Some IL and CRS tests with radial drainage were 
performed on natural clays to investigate the anisotropic consolidation behavior. All the 
test results showed that the consolidation properties in the horizontal direction (ch and kh) 
are bigger than that in the vertical direction (cv and kv) due to the anisotropic nature of soil. 
Comparison with the IL test with radial drainage, the CRS test with radial drainage also 
has the merits same with vertical drainage, for example, the test duration can be 
substantially reduced, and it provides continuous data points for a plot of void ratio (e) 
against effective vertical stress (𝜎v′ ), which can increase the accuracy of determined 
consolidation yield stress (pc). The ratio of ch/cv is suggested as 1.3 and 1.7 by Yune and 
Chung (2005) for Korea reconstituted and undisturbed clay respectively. The ratio of ch/cv 
is suggested as 1.45 by Sea and Juirnarongrit (2003) for Bangkok clay under the 
overburden pressure. For Ariake clay Park suggested that the ratio of ch/cv is 1.5. But this 
result is only from the IL test using horizontally cut sample. In this study, the ratio of ch/cv 
for Ariake clay will be investigated through CRS test using horizontally cut sample and 
CRS test with radial drainage. 
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3 LABORATORY EXPERIMENTAL INVESTIGATIONS 
3.1 Introduction 
In general, the experimental program is to investigate consolidation behavior of Ariake 
clay. The constant rate of strain (CRS) tests using vertically cut sample with vertical 
drainage and stepwise CRS tests using vertically cut sample with vertical drainage were 
used to investigate the strain rate effect on consolidation behavior of Ariake clay. The 
anisotropic consolidation behaviors were investigated through CRS tests using horizontally 
cut sample and CRS tests using vertically cut sample with radial drainage. In engineering 
practice, Incremental loading (IL) tests are more widely used than CRS tests. IL tests were 
employed to investigate at what kind of strain rate, the consolidation characteristics 
obtained from CRS tests will be comparable with those from IL tests.  
This chapter gives the relevant details of the experimental investigations carried out in 
this study. The soil samples, test equipments, test methods and the result interpretation are 
described for each kind of test. 
3.2 Soil samples 
Undisturbed soil samples were obtained from seven boreholes (BH) in the Saga Plain 
with the locations as indicated in Fig. 3.1. The Japanese standard thin-wall sampler was 
used to obtain the undisturbed samples. In all, 47 sample tubes (1 m long, with depth 
varying from about 1.0 m to 21.0 m from the ground surface) were obtained. 
  
 
Fig. 3.1 Borehole locations 
After the sample tubes had been transported into the laboratory, soil samples were 
extruded from the thin-wall tubes, sealed with wax, and stored under water for 
consolidation tests. The sample preparation process for testing is shown in Fig. 3.2.  
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(a) Thin-walled Tube Sampling                 (b) Soil Samples 
 
(c) Extruded from the Thin-walled Tube            (d) Sealed with Wax 
 
(e) Stored under Water                     (f) Prepared Sample 
Fig. 3.2 Sample preparation process for testing 
Among the soft clay deposit in Saga Plain, there are marine clay layers (Ariake clay) 
and nonmarine clay layers (Hasuike formation) (Miura et al., 1998). No detailed geological 
study is carried out to distinguish the formation histories of the samples, and all samples 
are called Ariake clay in this study. 
In generally, the natural water contents wn of the samples were more than 100%, and 
slightly higher than their corresponding liquid limits wL. The main clay mineral of Ariake 
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clay is smectite (Ohtsubo et al., 1995). The clay content (< 5 μm) is in the range of 
20–70%, and Ip is about 50. Figures 3.3 (a)-(g) show the soil profile and some of the index 
properties of the soil samples from BH-1 to BH-7. In these figures, C stands for clay, M for 



















Fig. 3.3 Soil profile and some index properties 
3.3 Test equipment and method 
3.3.1 CRS test with vertical drainage  
(1) Equipment 
The set-up of the CRS test with vertical drainage is illustrated in Fig. 3.4. The device 
consists of axial displacement control and back-pressure application systems. During a test, 
drainage was allowed only at the top surface of the sample. The axial displacement, axial 
load and excess pore water pressure at the bottom of the sample were recorded by a 
computer through a data logger.  
 
(a) Sketch of the CRS test with vertical drainage device 
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(b) Photograph of the CRS test with vertical drainage device 
Fig. 3.4 Illustration of the CRS test with vertical drainage device 
(2) Test method 
The soil sample has a diameter of 60 mm and a nominal height of 20 mm. To increase 
the degree of saturation, a back-pressure of 200 kPa was applied throughout the tests. CRS 
tests were carried out according to Japanese Industrial Standard JIS A 1227 (JSA, 2000b). 
The strain rate adopted was 0.02–0.2%/min. Two types CRS tests using vertically cut 
sample with vertical drainage were conducted, one is with a fixed strain rate, and the other 
is changing the strain rate once during the test (stepwise CRS test). For the stepwise CRS 
tests when the vertical strain reached 10% the strain rate was changed. Two types of 
stepwise CRS test were carried out: one type started with a higher strain rate of 0.2%/min, 
and changed the strain rate to 0.02%/min (sw-HL test), and the other started with a strain 
rate of 0.02%/min and changed it to 0.2%/min (sw-LH test).  
(3) Result interpretation 
1) Small strain theory 
For the CRS test with vertical drainage, assuming that the distribution of excess pore 
pressure within a sample is parabolic (JSA, 2000), the average effective vertical stress 𝜎v′  
in a sample is calculated as:  
                              bvv u3
2
−=′ σσ                          (3.1) 
where 𝜎v = the total vertical stress and ub = the excess pore pressure at the bottom of the 
sample. The value of cv can be calculated as follows:  









2σ                         (3.2) 
where ∆𝜎v = the total vertical stress increment in a time interval of ∆𝑡; 𝐻� and 𝑢�b = the 
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average sample thickness and excess pore water pressure at the bottom of the sample, and 
they can be calculated as follows: 
                           
2
ttt HHH ∆++=                            (3.3) 







=                            (3.4) 
where 𝐻t and 𝐻t+∆t = the thickness of the sample at time 𝑡 and ∆𝑡, 𝑢b,t and 𝑢b,t+∆t= 
the excess pore water pressure at the bottom of the sample at time 𝑡 and ∆𝑡, respectively. 
The coefficient of volume compressibility (mv) value is calculated by the following 
equation: 






=                              (3.5) 
where ∆𝐻 = the change of the sample thickness and ∆𝜎v′ = the increment of effective 
vertical stress in a time interval of ∆𝑡. The hydraulic conductivity (k) is directly calculated 
from the test results as follows: 











                           (3.6) 
2) Large strain theory 
There is no explicit equation for calculating cv with large strain theory, and a diagram 
method needs to be used. The ratio of the strain at the bottom to that at the top of a sample 
under different strain rate can be obtained using finite difference method as shown in Fig. 
3.5. 


































Fig. 3.5bis Variations of 𝜀B 𝜀T⁄  
The change of void ratio ∆𝑒 is proportional to the change of effective vertical stress in 
logarithmic scale as follows: 












σσlog                         (3.7) 
where Cc = a constant for the effective vertical stress from 𝜎v′  to 𝜎v′ + ∆𝜎v′. 
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Using the stress versus strain relationship given by Eq. (3.7), the ratio of bottom strain 
to top strain can be represented in terms of vertical effective stress as: 














=                     (3.8) 
The CRS test data can be used in Eq. (3.8) to find 𝜀B 𝜀T⁄  corresponding to ∆𝐻0 𝐻0⁄  at 
any time, t. This value can then be used in Fig. 3.5 to find 𝑐𝑣/𝑟𝐻02 and hence cv can be 
determined.  
3.3.2 CRS test with radial drainage  
(1) Equipment 
The CRS test equipment with radial drainage is illustrated in Fig. 3.6. The equipment 
was modified from the device for vertical drainage test, and the main modifications are as 
follows:  
○1  Central drainage porous stone: A 8 mm outside diameter and 5 mm inside diameter 
cylindrical porous stone is inserted in the middle of the specimen, which is used as the only 
drainage boundary of the soil specimen during consolidation.  
○2  Loading cap: A stainless steel loading cap is used. A hole with 9 mm in diameter and 
10 mm in depth at the center of loading cap allows the cylindrical porous stone to slide 
freely during consolidation and five holes connected to the central hole on the loading cap 
provide drainage paths.  
○3  A guide ring: A guide ring is set on the top of the specimen. To prevent the leakage 
in vertical direction, a greased “o”-ring is set between the guide ring and the wall of the 
chamber, and a greased “o”-ring is placed between the loading cap and the guide ring. The 
friction between the “o”-ring and the loading cap was calibrated.  
○4  Consolidation ring: A consolidation ring with a hole in the middle height of the wall 
was newly manufactured. The pore water pressure gauge is installed through the hole. 
○5  Bottom pedestal: A new bottom pedestal was manufactured to provide an undrained 
boundary at the bottom. 
○6
 
 An acrylic fiber ring: It is placed above the guide ring in order to improve the contact 
between the guide ring and the consolidation ring. A rubber ring is placed between the 
acrylic fiber ring and the guide ring to ensure the uniform pressure on the guide ring. 
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 (a) Sketch of the CRS test with radial drainage device 
 
(b) Photograph of the CRS test with radial drainage device 
Fig. 3.6 Illustration of the CRS test with radial drainage device 
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(2) Test method 
The hole in the center of the specimen for inserting the annular porous stone is made by 
a cylindrical device as shown in Fig. 3.7. The inner diameter of the cylindrical device is the 
same as the outside diameter of the consolidation ring, and the pipe at the center has a 
diameter of 8 mm and height of 12 mm. The device is pushed down slowly into the 
specimen placed in the consolidation ring and then takes out the soil in the pipe. The hole 
in the upper part of the specimen is made. Then the consolidation ring with specimen 
inside is turned over to make the hole in the remaining unpenetrated specimen with the 
same procedure. 
 
Fig. 3.7 Photograph of the cylindrical control device 
The main difference between the procedures of CRS test with radial drainage and 
vertical drainage is the way of measuring pore water pressure (u). For radial drainage case, 
u at the outside perimeter of the specimen is measured and the valve at the bottom of the 
specimen is closed. 
(3) Result interpretation 
The consolidation with radial flow is governed by the following differential equation: 





















                      (3.9) 
where r = the radial distance from the center of the specimen and ur = excess pore water 
pressure at r. With a central drain and under equal vertical strain assumption, the solution 
with ideal condition (no smear and no well resistance), which is applicable to test condition 
in this study, is as follows (Barron 1948): 









               (3.10) 






= ,  
                      ( ) ( ) ( )[ ]2//ln 222 wwer rrrrrtBu −−=                (3.10a) 
where 0u  = initial excess pore water pressure (uniform); re = the radius of the specimen;
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= ; rw = the radius of central drain and n = re/rw.  
Juinarongrit (1996) established the equations based on Barron’s theory to determine the 
ch and kh from the results of CRS test with radial drainage. By applying boundary condition 
of at r = re, ur = ue, then 
                        ( )





=                    (3.11) 
Differentiating Eq. (3.10a) with respect to r gives: 






∂                       (3.12) 
Based on Darcy’s law, water flow rate (q) through a cylindrical surface with a radius of r 
and height of H (Fig. 3.8) can be written as:  






2=                       (3.13) 
Substituting Eq. (3.12) into Eq. (3.13) gives: 




π                     (3.14) 
At r = rw, the rate of discharge of water can be written as: 





=                     (3.15) 
Assuming the sample is fully saturated, the rate of discharge of water can also be expressed 
in terms of vertical displacement rate pυ  as: 
                             ( )22. wep rrq −= πυ                          (3.16) 
Combining Eq. (3.15) and Eq. (3.16), and if re = 30 mm and rw = 4 mm, then 
                 
















=             (3.17) 
The horizontal coefficient of consolidation is, therefore, given by: 











==                      (3.18) 
The average excess pore pressure in a specimen is: 
















π        (3.19) 
Where A = cross-sectional area of the sample. So the average effective vertical stress can 
be expressed as: 
                      evrvv uu 857.0−=−=′ σσσ                      (3.20) 
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Fig. 3.8 Water flow through a cylindrical surface 
3.3.3 IL test 
IL tests were conducted following JIS A 1217 (JSA, 2000a). The soil sample is 60 mm 
in diameter and typically 20 mm high. The consolidation vertical stress was doubled every 
24 h. 
3.4 Cases tested 
Designate the CRS test using vertically cut sample (with respect to in-situ condition) 
with vertical drainage (with respect to test condition) as CRS-V-V, vertically cut sample 
with radial drainage as CRS-V-R, and horizontally cut sample with vertical drainage as 
CRS-H-V. The loading and drainage condition for three types of CRS test is shown in Fig. 
3.9. The strain rates used for the CRS tests were 0.02, 0.05, 0.1 and 0.2%/min. A total of 
248 CRS tests (of which 134 were CRS-V-V tests, 52 were stepwise CRS-V-V tests, 34 
were CRS-H-V tests and 28 were CRS-V-R tests) and 15 IL tests were conducted for the 
















𝐴 = 2π𝑟𝐻 
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Fig. 3.9 Loading and drainage condition for three types of CRS test 
Table 3.1 Cases tested 
Location Depth: m Test method Strain rate: %/min 
BH-1 1, 3, 4a, 5, 6b, 7b, 9, 10, 11, 12, 13b, 14, 16 
CRS-V-V 0.02, 0.05, 0.1, 0.2 
Stepwise CRS-V-V 0.02- 0.2 
IL - 
BH-2 3, 6, 14a 
CRS-V-V 0.02, 0.05, 0.1, 0.2 
Stepwise CRS-V-V 0.02- 0.2 
IL - 
BH-3 4, 6, 8, 10 
CRS-V-V 0.02, 0.05, 0.1, 0.2 
Stepwise CRS-V-V 0.02- 0.2 
IL - 
BH-4 1, 2, 3, 4, 5, 6, 7, 8, 9 
CRS-V-V 0.02, 0.2 
Stepwise CRS-V-V 0.02- 0.2 
BH-5 2, 6, 9, 12c, 15, 20 
CRS-V-V 0.02, 0.2 
CRS-H-V 0.02, 0.2 
CRS-V-R 0.02, 0.2 
BH-6 4, 7, 17, 20 
CRS-V-V 0.02, 0.2 
CRS-H-V 0.02, 0.2 
CRS-V-R 0.02, 0.2 
BH-7 5, 7, 9, 12, 14, 18, 20d, 21 
CRS-V-V 0.02, 0.2 
CRS-H-V 0.02, 0.2 
CRS-V-R 0.02 
    Note: a No IL test. b No step-wise CRS and IL test. 
 c No CRS-H-V test under the strain rate of 0.02%/min. 
d No CRS-H-V test under the strain rate of 0.2%/min. 





Horizontally cut sample 
Vertical drainage* 
CRS-H-V 








*: with respect to test condition 
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4 VERTICAL DRAINAGE CRS TEST RESULTS 
4.1 Introduction 
The results of 134 CRS-V-V tests, 52 stepwise CRS-V-V tests and 15 IL tests are 
presented and compared in this chapter. The effects of strain rate on the consolidation yield 
stress (pc), compression index (Cc) and coefficient of consolidation (cv), and the 
relationship between the degree of the strain rate effect and the clay content of the samples, 
are systematically investigated. The pc and cv values obtained from IL and CRS tests are 
compared. 
4.2 Strain rate effect on consolidation yield stress (pc) 
4.2.1 Strain rate effect on pc 
Figures 4.1 to 4.10 are typical stress–strain–strain rate relationships for Ariake clay. In 
general, the stress–strain curves shift in a parallel manner to the right with increase of 
strain rate, similar to the results reported in the literature (Graham et al., 1983; Leroueil et 
al., 1985; Vaid et al., 1979). However, Figs. 4.1 and 4.5 show that the stress–strain curve 
for the high strain rate (0.2%/min) merges with that of the low strain rate (0.02%/min) at 
high strain levels, whereas other figures do not show this kind of response. Therefore it is 
not conclusive as to whether undisturbed Ariake clay displays a temporary strain-rate 
effect as some reconstituted clays do (Tatsuoka, 2002). At present, we consider that the 
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Fig. 4.1 Stress-strain-strain rate relation (BH-1, 5-5.9 m) 
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Effective vertical stress σ'v (kPa)
 
Fig. 4.4 Stress-strain-strain rate relation (BH-3, 6-6.9 m) 
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Fig. 4.7 Stress-strain-strain rate relation (BH-5, 9-9.8 m) 
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Fig. 4.10 Stress-strain-strain rate relation (BH-7, 14-14.75 m) 
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To quantify the strain-rate effect on pc, a ratio of pc (RPC) is defined as: 




pRPC ε=                           (4.1) 
where 𝑝cε̇ is the consolidation yield stress for a given strain rate 𝜀̇ (0.05%/min, 0.1%/min 
or 0.2%/min), and 𝑝c0.02%/min is the consolidation yield stress under a strain rate of 
0.02%/min.  
The value of pc is obtained by Casagrande’s method. Figure 4.11 shows RPC plotted 
against the strain rate obtained from 134 CRS-V-V tests in this study, and some of the test 
results using Ariake clay samples in the literature (Iribe, 2006). The strain rate is 
normalised by a strain rate of 0.02%/min. Although the data are scattered, there is a clear 
tendency for pc to increase with the strain rate. The linear regression line gives an increase 
of pc by about 14% with a tenfold increase in the strain rate. 









 Linear fit to the data












       (Iribe, 2006)
 
Fig. 4.11 RPC-normalised strain rate relation 
4.2.2 Stepwise CRS test results 
One of the reasons for the scatter of the data is that different samples had to be used for 
different strain rates. The soil samples within a 1 m long tube were treated as the same 
sample, but because of the spatial variation of soils in a deposit, the properties of the soil 
within a tube may not be exactly the same. To avoid this problem, stepwise CRS tests were 
conducted, which used the same sample for two different strain rates. Figures 4.12 to 4.15 
show typical results of stepwise CRS tests. From the figures it can be seen that, when the 
strain rate was increased or decreased abruptly, the effective vertical stress showed an 
obvious increase or decrease.  
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Fig. 4.14 Stepwise CRS stress-strain-strain rate relation (BH-3, 8-8.9m) 
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Fig. 4.15 Stepwise CRS stress-strain-strain rate relation (BH-4, 8-8.9m) 
Using the isotach model, two stress–strain curves can be deduced from a stepwise CRS 
test. According to the isotach model, in the virgin consolidation range, the ratio of the 
effective vertical stresses on two stress–strain curves with different strain rates is the same 
for any given strain. So the strain rate effect can be checked at any given strain level. To 
investigate the strain-rate effect (SRE), the effective vertical stress corresponding to 15% 
strain is chosen arbitrarily, and the SRE is defined as: 

















vSRE                         (4.2) 
where 𝜎v0.2%/min′  and 𝜎v0.02%/min′  are the effective vertical stresses corresponding to 
strain rates of 0.2%/min and 0.02%/min respectively. For the stepwise CRS test the strain 
rate was changed at about 10% strain and, effectively, the SRE is evaluated at about 10% 
strain. By assuming that the isotach model is valid, the SRE at 10% strain is the same as 
that at 15% strain. Figure 4.16 shows the SRE from 52 stepwise CRS tests. The SRE from 
the sw-HL tests (0.2%/min–0.02%/min) is larger than that from the sw-LH tests 
(0.02%/min–0.2%/min) except some samples (higher sand content) from BH-4. When the 
strain rate was changed, there was a transitional period. The ratio of effective vertical stress 
corresponding to two different strain rates was determined using the stress–strain curves 
before and after the change of strain rate. The value used for the new strain rate might still 
be within the transitional period. When the strain rate was changed from 0.2%/min to 
0.02%/min, the effective vertical stress increment was reduced, but dissipation of the 
excess pore water pressure generated under the strain rate of 0.2%/min needs time. As a 
result, the excess pore water pressure was larger than the value corresponding to the strain 
rate of 0.02%/min, and therefore a lower calculated effective vertical stress and larger SRE 
value were. By contrast, when the strain was changed from 0.02%/min to 0.2%/min, for a 
saturated soil sample, the increase of excess pore water pressure was immediate, and 
before a steady state was reached the excess pore water pressure might be overestimated, 
and therefore a lower effective vertical stress and subsequently a smaller SRE value might 
be calculated. 
From Fig. 4.16, an average SRE value of about 1.14 can be obtained (that is, about a 
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14% increase in effective vertical stress with a tenfold increase in the strain rate) which is 
the same to the increased rate for pc of about 14% given in Fig. 4.11. From the data 
reported by Tanaka et al. (2000) using Ariake clay samples, an increase in pc of about 17% 
with a tenfold increase in the strain rate can be calculated. Graham et al. (1983) stated that, 
regardless of the soil type, pc increases by 10–20% for a tenfold increase in strain rate. 
Therefore the percentage increase in pc or effective vertical stress with the strain rate in this 
study is comparable with these numbers. 




















Depth from the ground surface H (m)  
Fig. 4.16 Comparison of SRE 
4.3 Strain rate effect on compression index (Cc) 
4.3.1 Strain rate effect on Cc for a given strain 
The typical compression index Cc and recompression index Cr from CRS tests 
corresponding to different strain are depicted in Figs. 4.17 to 4.22. The value of Cc or Cr is 
calculated from: 








∆+                      (4.3) 
where 𝑒t and 𝑒t+∆t = the void ratios of the sample at time 𝑡 and 𝑡 + ∆𝑡, and 𝜎v,t′  and 
𝜎v,t+∆t′  = the effective vertical stress at time 𝑡 and 𝑡 + ∆𝑡. Although the data are scattered, 
for a given strain level, generally it can be said that both Cr (𝜎v′ < 𝑝c) and Cc show a clear 
trend of strain rate independence. This result support the isotach model, which has been 
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Fig. 4.17 Cr and Cc-strain-strain rate relation (BH-1, 5-5.9m) 























Fig. 4.18 Cr and Cc-strain-strain rate relation (BH-1, 6-6.9m) 




















Fig. 4.19 Cr and Cc-strain-strain rate relation (BH-3, 6-6.9m) 
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Fig. 4.20 Cr and Cc-strain-strain rate relation (BH-4, 8-8.9m) 
















Fig. 4.21 Cr and Cc-strain-strain rate relation (BH-6, 17-17.8m) 
















Fig. 4.22 Cr and Cc-strain-strain rate relation (BH-7, 14-14.75m) 
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4.3.2 Strain rate effect on Cc for a given stress 
If the average effective stress 𝜎�v′  within a time interval ∆𝑡 is defined as: 
                             ttvtvv ∆+′⋅′=′ ,, σσσ                          (4.4) 
then, if the values of Cc and Cr are plotted against 𝜎�v′ , it can be seen that there is a 
tendency for Cc to increase with strain rate (Figs. 4.23 to 4.26). This is because of 
non-linearity of 𝑒 − log𝜎v′  plot. Under a given 𝜎v′ , the higher the strain rate, the smaller 
the corresponding e value, and therefore a higher Cc value. It should be stated that, for a 
given stress, the tendency for Cc to increase with strain rate will be decrease or disappear at 




































Fig. 4.24 Cr and Cc-stress-strain rate relation (BH-1, 6-6.9m) 




































Fig. 4.26 Cr and Cc-stress-strain rate relation (BH-6, 17-17.8m) 
4.4 Strain rate effect on coefficient of consolidation (cv) 
4.4.1 Strain rate effect on cv 
Figures 4.27 to 4.36 show the variation of cv with 𝜎�v′  under different strain rates for 
soil samples from different BHs. In the overconsolidated range the data are scattered, but 
in the virgin consolidation range there is a clear trend for cv to increase with increase of the 
strain rate.  



























































































Fig. 4.29 cv-stress-strain rate relation (BH-2, 3-3.85 m) 

























































































Fig. 4.32 cv-stress-strain rate relation (BH-4, 9-9.9 m) 























































































Fig. 4.35 cv-stress-strain rate relation (BH-7, 9-9.85 m) 





























Fig. 4.36 cv-stress-strain rate relation (BH-7, 14-14.75 m) 
The values of cv in the virgin compression range were chosen for a detailed 
investigation of the strain-rate effect on cv. BH-1, 2, 3 and 4 chose 𝜎�v′= 100 kPa and 200 
kPa, and BH-5, 6, 7 chose 𝜎�v′= 300 kPa. The results are given in Fig. 4.37 (excluding 12 
extremely scattered points). In this figure, the values of cv at each strain rate are normalised 
by the value at a strain rate of 0.02%/min. From Fig. 4.37, it can be seen that there is a 
tendency for cv to increase with an increase of strain rate. The linear regression gives about 
a 30% increase for a tenfold increase in the strain rate. 








 Linear fit to the data























Strain rate normalized by 0.02%/min  
Fig. 4.37bis Strain rate effect on cv 
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4.4.2 Strain rate effect on coefficient of volume compressibility (mv) 
Figures 4.38 to 4.47 show the variation of mv with 𝜎�v′  under different strain rates for 
soil samples from different BHs. The value of mv is calculated from Eq. (3.5). Although 
the data are scattered for 𝜎v′ < 𝑝c, after that the values of mv are almost the same for 
different strain rates on a logarithmic scale.  





































































Fig. 4.39 mv-stress-strain rate relation (BH-1 6-6.9 m) 




































































































Fig. 4.42 mv-stress-strain rate relation (BH-4 2-2.9 m) 


































Fig. 4.43 mv-stress-strain rate relation (BH-4 9-9.9 m) 

































































Fig. 4.45 mv-stress-strain rate relation (BH-6 17-17.8 m) 































































Fig. 4.47 mv-stress-strain rate relation (BH-7 14-14.75 m) 
mv can be calculated from Cc, e and 𝜎v′  as: 







434.0                              (4.5) 
As shown in Fig. 4.48, even though the 𝑒 − log𝜎v′  curves for different strain rates are 
parallel, for a given 𝜎v′  value the slope of the curve of Cc corresponding to different strain 
rates is different, owing to the non-linearity of the curve: for example, Cc2> Cc1 (see also 
Figs. 4.23 to 4.26 for the strain-rate effect on Cc for a given 𝜎�v′). The corresponding value 
of e value is also different: for example, e2> e1. In Eq. 4.5, if 𝜎v′  is the same, both e and Cc 
increase with an increase in strain rate. As a result, mv does not change much with the 
strain rate. 
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Fig. 4.48 Effect of strain rate on Cc and e under a given 𝜎v′  
4.4.3 Strain rate effect on hydraulic conductivity (k) 
Figs. 4.49 to 4.58 show the variation of k with 𝜎�v′  under different strain rates for soil 
samples from different BHs. The value of k is directly calculated from the test results as Eq. 
(3.6). The data are scattered in the overconsolidated range, and in the virgin consolidation 
range k obviously increases with an increase of strain rate.  
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Fig. 4.52 k-stress-strain rate relation (BH-3 6-6.9 m) 



























Fig. 4.53 k-stress-strain rate relation (BH-4 2-2.9 m) 

























Fig. 4.54 k-stress-strain rate relation (BH-4 9-9.9 m) 

























Fig. 4.55 k-stress-strain rate relation (BH-5 9-9.8 m) 
















































































Fig. 4.58 k-stress-strain rate relation (BH-7 14-14.75 m) 
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As for cv, the values of k in the virgin compression range were chosen to study the strain 
rate effect on k, and the results are shown in Fig. 4.59 (12 extremely scattered points are 
excluded, as for cv in Fig. 4.37). In this figure, the values of k at each strain rate are 
normalised by the value at a strain rate of 0.02%/min. Although the data are scattered, 
there is a general tendency for k increase with an increase in strain rate. Linear regression 
gives about a 30% increase of k with a tenfold increase in the strain rate, which means that 
the increase of cv with increasing strain rate is due mainly to the increase in k. 






 Linear fit to the data
























Strain rate normalized by 0.02%/min  
Fig. 4.59 Strain rate effect on k  
In geotechnical engineering analysis it is generally accepted that Darcy’s law is valid 
for water flow in soil. However, there are reports in the literature that the relationship 
between flow rate q and hydraulic gradient i might not be linear when i is small. For 
example, Miller and Low (1963) reported that there is a threshold hydraulic gradient ic for 
water flow in Na-clay, and when 𝑖 < 𝑖c there would be no flow (Fig. 4.60). Although the 
reliability of very small flow rate measurement is debatable, the data may support the 
statement that in clayey soil the q–i relation is non-linear when i is small, and this kind of 
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Fig. 4.60 Flow rate-gradient relationship in 45.9% Li-clay paste  
(data from Miller and Low, 1963) 
Figure 4.61 shows the variation of excess pore water pressure for different strain rates 
for soil samples from BH-1 at 5–5.9m depth. At a given strain, the higher the strain rate, 
the higher the excess pore water pressure at the bottom of the sample, ub. A higher 
measured ub means a higher average i value within the sample. The average value of 
hydraulic gradient, iav, is defined as: 






=                             (4.6) 
where H is the thickness of the sample.  






























Strain ε (%)  
Fig. 4.61 Excess pore water pressure variation (BH-1, 5-5.9 m)  
Figure 4.62 shows the variation of iav with strain rate at an effective vertical stress 𝜎�v′= 
100 kPa. It can be seen that iav increases with increasing strain rate. For a strain rate 
increases from 0.02%/min to 0.2%/min, the value of iav increases from about 26 to about 
171. Referring to the information in Fig. 4.60, qualitatively it can be said that k apparently 
increases with an increase in i, as shown by the dashed lines in the figure (𝑘2 > 𝑘1).  
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Strain rate (%/min)  
Fig. 4.62 Average hydraulic gradient-strain rate relation (BH-1, 5-5.9 m) 
4.5 Comparison of the test results of CRS and IL 
In engineering practice, IL tests are more widely used than CRS tests, and there is a 
question of at what kind of strain rate, the pc and cv values from CRS tests will be 
comparable with those from IL tests.  
4.5.1 Comparison pc values from CRS and IL test 
15 IL tests were conducted for samples from BH-1, BH-2 and BH-3. The values of pc 
values from IL and CRS tests are compared in Figs. 4.63, 4.64 and 4.65 for BH-1, BH-2 
and BH-3 respectively. Iribe (2006) also conducted both IL and CRS tests for undisturbed 
Ariake clay samples and the test results are included in Fig. 4.64. It can be seen that the pc 
values obtained from CRS tests with a strain rate of 0.02%/min are comparable with that 
obtained from the IL test.  

































Consolidation yield stress pc (kPa)  
Fig. 4.63 Comparing pc values from CRS and IL tests (BH-1) 
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Fig. 4.64 Comparing pc values from CRS and IL tests (BH-2) 






























Consolidation yield stress pc (kPa)  
Fig. 4.65 Comparing pc values from CRS and IL tests (BH-3) 
In the IL test, the stress is applied in a discrete stepwise fashion. In most cases the value 
of pc is within a stress increment (not coincident with the stress state at the end of a stress 
increment), and the point dividing the virgin consolidation range and overconsolidation 
range will be rounded. However, in the CRS test, the stress is increased gradually and 
continuously. The yielding point on the stress–strain curve is sharper, and the curve itself is 
more non-linear than that of the IL test. As a result, the largest difference in the value of Cc 
from the IL and CRS tests occurs around the pc value, as shown in Fig. 4.66 for soil 
samples from BH-1 at 5–5.9m depth. Since the stress-strain curve of the CRS test is 
continuous, better determination of pc is possible. 









 CRS test 






Average effective vertical stress σ'v (kPa)  
Fig. 4.66 Comparing Cr and Cc from CRS and IL tests (BH-1, 5-5.9 m) 
The results given in Fig. 4.66 and Figs. 4.17 to 4.26 indicate that for microstructured 
Ariake clay, in the virgin compression range, the 𝑒 − log𝜎v′ relation is non-linear. The 
CRS test has an advantage over the IL test for evaluating this non-linear characteristic. 
Chai et al. (2004) reported that for most nonlinear 𝑒 − log𝜎v′  relationships, in a plot of log (𝑒 + 𝑒c) against log𝜎v′, where ec is a constant, they are very close to linear, and a 
model is proposed to consider the non-linear 𝑒 − log𝜎v′ behaviour in engineering design 
and analysis. 
4.5.2 Comparison cv values from CRS and IL test 
The values of cv values from IL and CRS tests are compared in Figs. 4.67, 4.68 and 4.69 
for three samples from BH-1. The values of cv from the IL test are determined by the √𝑡 
method (where t is time). It can be seen that the cv values obtained from CRS tests with a 

































Fig. 4.67 Comparing cv values from CRS and IL tests (BH-1, 5-5.9 m) 



































































Fig. 4.69 Comparing cv values from CRS and IL tests (BH-1, 14-14.9 m) 
Although the test conditions for IL and CRS tests are different, as a reference, the 
average strain rates from the IL test up to 90% degree of consolidation for a sample from 
BH-1 at 5–5.9 m depth were calculated, and are shown in Fig. 4.70. It can be seen that in 
the virgin compression range the average strain rate is about 0.02–0.03%/min, and for the 
whole range of consolidation vertical stress, the simple average strain rate is about 
0.018%/min. This result indicates that for a CRS test with a strain rate close to the average 
strain rate up to 90% degree of consolidation of IL test, the result may be comparable with 
that of the IL test. In Japan it is intended to adopt a strain rate of 0.02%/min for a routine 
CRS test (Suzuki and Yasuhara, 2004). 
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Consolidation vertical stress (kPa)
Average strain rate up to U=90%
 
Fig. 4.70 Average strain rate of IL test up to 90% degree of consolidation  
(BH-1, 5-5.9 m) 
4.6 Effect of clay content on strain rate effect 
There are some researches on the relationship between the degree of strain rate effect 
and the clay content and plasticity index (Ip) of clayey soils, and no correlation between 
strain rate effect and Ip or clay content was found (Graham et al., 1983; Tanaka et al., 2000; 
Jia et al. 2010). It is considered that one of the reasons is that different samples had to be 
used for different strain rates and the samples for CRS test and grain size distribution test 
were also different. The soil samples within a 1 m long tube were treated as the same 
sample, but the properties of the soil within a tube may not be exactly the same. To avoid 
the spatial variation of soils in a tube, the strain rate effect is investigated by stepwise CRS 
test, which uses the same sample for two different strain rates, and clay content tests were 
conducted using the samples of stepwise CRS tests for the 9 samples from BH-4.  
Figures 4.71 and 4.72 show the relationships of SRE and clay content for sw-LH test 
and sw-HL test respectively. It can be seen that SRE increase with the increase of clay 
content. When the clay content increases from 20% to 50%, SRE increases from 1.05 to 
1.20. Both the figures show that there is a clear correlation between strain rate effect and 
clay content. If more test data can be obtained, the relationship of strain rate effect on pc 
and clay content may be found. So if the clay content of a soil is known, the strain rate 
effect on pc of the soil can be obtained, which enables engineers to consider the strain rate 
effect into design easily.   
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Clay content (<5µm) (%)  
Fig. 4.71 Relation between SRE and clay content (BH-4, sw-LH test) 









Clay content (<5µm) (%)  
Fig. 4.72 Relation between SRE and clay content (BH-4, sw-HL test) 
4.7 Summary 
Based on the test and analysis results presented in this chapter, the following 
conclusions can be drawn. 
(1) The consolidation stress–strain curves shift in a parallel manner to the right with the 
increase of strain rate, which indicates that isotach model is applicable to Ariake clay. 
Consolidation yield stress (pc) of Ariake clays increased by about 14% with a tenfold 
increase in the strain rate. 
(2) For a given strain level, the strain rate does not influence the compression index (Cc), 
as the isotach model implies. While for a given average effective stress, there is a tendency 
for Cc to increase with strain rate due to the non-linearity of 𝑒 − log𝜎v′ relation. 
(3) Under a given effective vertical stress, the coefficient of consolidation (cv) increased 
with the increase of strain rate resulting mainly from the increase of the hydraulic 
conductivity (k), and the coefficient of volume compressibility (mv) was almost the same 
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for different strain rates. Linear regression results in about a 30% increase of cv for a 
tenfold increase in the strain rate.  
(4) Comparing the pc and cv values from the IL and CRS tests suggests that the pc and cv 
values from CRS tests for a strain rate of 0.02%/min are comparable with those of IL tests. 
In the 𝑒 − log𝜎v′ plot, the compression curve from the CRS test is more non-linear than 
that from the IL test, and the largest difference in the Cc value from the CRS and IL tests 
occurred around the value of pc. 
(5) There is a clear relationship between the strain rate effect (SRE) and clay content. 
Increase of clay content, increases SRE. 
- 63 - 
 
5 RADIAL DRAINAGE CRS TEST RESULTS AND COMPARISONS 
5.1 Introduction 
This chapter presents the results of 28 radial drainage CRS tests, and the comparisons 
of: (1) The CRS test results of radial drainage with that of vertical drainage; and (2) 
Vertically and horizontally cut samples under vertical drainage, to systematically 
investigate the anisotropic consolidation behaviors of Ariake clay. The test results are 
compared in terms of consolidation yield stress (pcv and pch), coefficient of consolidation 
(cv and ch), coefficient of volume compressibility (mv and mh) and hydraulic conductivity 
(kv and kh). Here, the subscripts “v” and “h” indicate the values in the vertical and the 
horizontal directions, respectively. From CRS-V-V test, pcv, cv, mv, and kv can be obtained, 
from CRS-H-V test, pch, chh, mh and kh can be obtained, and from CRS-V-R test, pcv, chv, 
mv and kh can be obtained. chh means the coefficient of consolidation with horizontal 
drainage and horizontal loading, and chv means the coefficient of consolidation with 
horizontal drainage and vertical loading. The test results as well as the discussions on the 
suitability of the test method for obtaining the horizontal consolidation properties of clayey 
deposits and anisotropic consolidation behavior of Ariake clay are presented. 
5.2 Consolidation yield stress (pcv and pch) 
It should be referred that two frictions exist in CRS test with radial drainage comparing 
with CRS test with vertical drainage. One is the friction of “o”-ring between loading cap 
and guide ring, and the other is the friction between the soil sample and the porous stone in 
the middle of the soil sample. The friction of “o”-ring between loading cap and guide ring 
can be measured when the CRS tests were conducted without soil sample.  
Figures 5.1 and 5.2 show the measured friction induced by the “o”-ring between loading 
cap and guide ring. From Figs. 5.1 and 5.2, it can be seen that the average friction is about 
8 kPa when the strain exceed 2.5%. Measured friction induced by the “o”-ring is deducted 
from the axial loading measurement to provide a precise estimation of the axial load on the 
soil sample. 
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Strain (%)  
Fig. 5.1 Friction of O-ring (0.02%/min-0.2%/min) 








































Strain (%)  
Fig. 5.2 Friction of O-ring (0.2%/min-0.02%/min) 
Figure 5.3 to 5.6 show typical stress-strain relationships of three types of CRS test for 
soil samples from BH-5, BH-6 and BH-7 at different depth. It can be seen that the pch 
obtained from CRS-H-V test is smaller than pcv obtained from CRS-V-V and CRS-V-R 
tests. This is expected since for a normally or lightly overconsolidated clay deposit, the 
maximum horizontal effective stress a soil element experienced is smaller than that of in 
the vertical direction. 




















Effective vertical stress σ'v (kPa)
 



















Effective vertical stress σ'v (kPa)
 



















Effective vertical stress σ'v (kPa)
 
Fig. 5.5 Comparison of stress-strain relation (BH-7 9-9.85 m) 




















Effective vertical stress σ'v (kPa)
 
Fig. 5.6 Comparison of stress-strain relation (BH-7 14-14.75 m) 
Figure 5.7 shows the ratio of pch to pcv for all the soil samples tested. Majority of the 
data are in the range of 0.5 to 1.0, and the average value (excluding 2 larger than 1.0 
points) is about 0.7. Based on the experimental results, the following expression had been 
proposed to calculate the coefficient of earth pressure at rest (K0) (Mayne and Kulhawy 
1982): 
                      ( )
φφ ′′−= sin0 )sin1( OCRK OC                        (5.1) 
where )(0 OCK  = the 0K  value for overconsolidated state; OCR = the over consolidation 
ratio and φ′  = the angle of internal friction.  
For Ariake clay, the pc values from CRS tests with a strain rate of 0.02%/min are 
comparable with those of IL test. So the pc values obtained from CRS-V-V tests with the 
strain rate of 0.02%/min are used to calculate the OCR. The calculated values of OCR are 
in the range of 1.0 to 2.0, and the average value is about 1.5. This number is close to the 
back calculated results using measured data of embankment settlement (Chai and Miura 
1999).  
Assuming 030=′φ , and OCR = 1.5, From Eq. (5.1), )(0 OCK  is about 0.61, which is 
smaller but close to 0.7 obtained from the test results. 
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Depth from ground surface H (m)  
Fig. 5.7 The ratio of pch to pcv from CRS-V-V test 
Figure 5.8 shows the ratio of pcv obtained from CRS-V-R test to that from CRS-V-V 
test for all the soil samples tested. The linear regression show that pcv obtained from 
CRS-V-R test is about 1.04 times of that from CRS-V-V test. Although numerically there 
is some difference on pcv from the two types of test, it can be said that they are almost 
identical. The possible reason for slightly larger pcv value from CRS-V-R test may be the 
effect of the friction between the soil specimen and the central annular drainage porous 
stone. 










 Linear fit to the data















pcV-V (CRS-V-V) (kPa)  
Fig. 5.8 The ratio of pcv from CRS-V-R test to pcv from CRS-V-V test 
5.3 Coefficient of consolidation (cv, chh and chv) 
The results of cv, chh and chv obtained from three types of CRS test for soil samples from 
BH-5, BH-6 and BH-7 are compared in Figs. 5.9 to 5.12. In the overconsolidated range the 
data are scattered, but in the virgin consolidation range chh and chv obtained from CRS-H-V 
and CRS-V-R test are obviously bigger than cv obtained from CRS-V-V test. 










































































































Fig. 5.11 Comparison of cv, chh and chv (BH-7 9-9.85 m) 




































Fig. 5.12 Comparison of cv, chh and chv (BH-7 14-14.75 m) 
The values of cv under  𝜎�v′  = 300kPa (in the virgin compression range for all the soil 
samples tested) were chosen for investigating the relation between chh and cv, and the 
results are shown in Fig. 5.13 (excluding 3 extremely scattered points). It can be seen that 






 Linear fit to the data














Fig. 5.13 The ratio of chh to cv 
Figure 5.14 shows the relation between chv and cv (excluding 4 extremely scattered 
points). It can be seen that chv is larger that cv also, and the linear regression shows that the 
ratio of chv to cv is about 1.54. CRS-V-R test resulted in a higher chv value than chh obtained 
from CRS-H-V test. From Figs. 5.13 and 5.14, there is no clear trend of difference on 
chh/cv or chv/cv values for different strain rate. Therefore, it can be said that for Ariake clay 
there is no anisotropic behavior of strain rate effect. It is interesting to know that the 
difference on cv, chh and chv is from m or k. Comparison of m and k will be made in the next 
sections. 










 Linear fit to the data










Fig. 5.14 The ratio of chv to cv 
5.4 Coefficient of volume compressibility (mv and mh) 
The comparison of mv and mh for soil samples from BH-5, BH-6 and BH-7 at different 
depth are presented in Figs. 5.15 to 5.18. In overconsolidated range, mv is obviously less 
than mh. However, in virgin consolidation range the mv and mh are almost the same, 




































Fig. 5.15 Comparison of mv and mh (BH-5 15.5-16.3 m) 













































































































Fig. 5.18 Comparison of mv and mh (BH-7 14-14.75 m) 
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5.5 Hydraulic conductivity (kv and kh) 
Figures 5.19 to 5.22 show the comparison of k for soil samples from BH-5, BH-6 and 
BH-7 at different depth. In the overconsolidated range the data are scattered, but in the 
virgin consolidation range kh obtained from CRS-H-V and CRS-V-R test is obviously 




































































Fig. 5.20 Comparison of kv and kh (BH-6 17-17.8 m) 





































































Fig. 5.22 Comparison of kv and kh (BH-7 14-14.75 m) 
The same as for the coefficient of consolidation, the ratio of kh to kv is investigated at  𝜎�v′  = 300kPa. All the test results (excluding 3 extremely scattered points, as for cv in Fig. 
5.13) of kh from CRS-H-V test and kv are shown in Fig. 5.23. The linear regression shows 
that the ratio of kh to kv is about 1.34. This value is very close to chh/cv of 1.38 in Fig. 5.13, 
which indicates that k is the main influencing factor for anisotropic coefficient of 
consolidation.  
Park (1994) conducted the IL test with Ariake clay samples cut vertically and 
horizontally with respect to in-situ condition, and reported that kh/kv ratio was about 1.5. 
This number is larger than 1.34 from this study but comparable. Leroueil et al. (1990) 
investigated the hydraulic conductivity anisotropy of several clayey soils by directly 
measuring the kh and kv values at different strain level, and concluded that permeability 
anisotropy does not vary significantly for strain up to 25%. Therefore, it is considered that 
kh/kv and chh/cv ratios obtained for  𝜎�v′  = 300 kPa represent the general anisotropic 
consolidation behavior of Ariake clay. 












 Linear fit to the data























Hydraulic conductivity kv (m/s)  
Fig. 5.23 The ratio of kh from CRS-H-V test to kv from CRS-V-V test 
Figure 5.24 shows the ratio of kh obtained from CRS-V-R test to kv for all the soil 
samples tested (excluding 4 extremely scattered points, as for cv in Fig. 5.14). The linear 
regression shows that the ratio of kh to kv is about 1.65. This number is slightly higher than 
chv/cv of 1.54 in Fig. 5.14, but we consider that they are very close. It is not clear on why kh 
value obtained from CRS-V-R test is larger than that obtained from CRS-H-V test. A 
possible explanation is the difference on deformation pattern (direction). CRS-V-R test 
deforms vertically, but CRS-H-V test deforms horizontally. The later may destroy the 










 Linear fit to the data





















Hydraulic conductivity kv (m/s)  
Fig. 5.24 The ratio of kh from CRS-V-R test to kv from CRS-V-V test 
From above comparisons, now we understand that: (1) Ariake clay has an anisotropic 
consolidation behavior and it is mainly due to the anisotropic hydraulic conductivities, i.e. 
kh>kv. (2) CRS-V-R tests result in larger kh values than that from CRS-H-V tests, and it 
may be because that the different compression directions for the soil sample in CRS-H-V 
and CRS-V-R test. The practical implication of (2) is: using the ch value obtained from the 
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test results of horizontally cut soil samples with vertical drainage to design PVD 
improvement, the ch value may be underestimated. 
Most sedimentary clayey deposits exhibit anisotropic hydraulic conductivities. Leroueil 
et al. (1990) reported kh/kv ratios of 5 marine clays of about 1.10 to 1.55 from directly 
measured kv and kh values. Yune and Chung (2005) reported kh/kv value of 1.7 for 
undisturbed Korea clay and 1.3 for reconstituted Korea clay from both vertical and radial 
drainage CRS test results. Sea and Juirnarongrit (2003) conducted CRS test with vertical 
and radial drainage for Bangkok clay, and kh/kv of 1.45 was resulted. Therefore kh/kv values 
obtained in this study are comparable with the values in the literature. 
Figure 5.25 show the variations of 𝑘h/ 𝑘v (𝑘h obtained from CRS-H-V test) with 
































Fig. 5.25 Variations of 𝑘h/ 𝑘v with depth 
From Fig. 5.25, it can be seen that the soil samples tested in this study don’t show an 
obvious variations of anisotropy (𝑘h/ 𝑘v) with depth. A large number of tests need be 
conducted to investigate the variation of anisotropy with depth. 
5.6 Excess pore water pressure (ub and ue)  
Figures 5.26 to 5.29 show the variation of excess pore water pressure of three types of 
CRS tests for soil samples from BH-5, BH-6 and BH-7 at different depth. At a given strain, 
the ub obtained from CRS-H-V test is lower than that from CRS-V-V test because of 
higher kh value. At a given strain, the ue is higher than ub. The theoretical ratio of ue to ub 
can be expressed by the following equation: 


















=                           (5.2) 
Figure 5.30 shows that the ratios of ue to ub for all the CRS-V-V and CRS-V-R test 
results at a vertical strain of 15%. The data points are in the range of 1.5-8, and the average 
value is about 3.57. At 15% vertical strain, H = 17 mm. Using kh/kv = 1.65 (Fig. 5.24), the 
calculated theoretical ratio of ue to ub is about 4.6, which is within the range of the 
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measured data but larger than the simple average value. 






























Strain ε (%)  
Fig. 5.26 Comparison of ub and ue (BH-5 15.5-16.3 m) 






























Strain ε (%)  
Fig. 5.27 Comparison of ub and ue (BH-6 17-17.8 m) 
 
- 77 - 
 






























Strain ε (%)  
Fig. 5.28 Comparison of ub and ue (BH-7 9-9.85 m) 






























Strain ε (%)  
Fig. 5.29 Comparison of ub and ue (BH-7 14-14.75 m) 






















Depth from ground surface H (m)  
Fig. 5.30 The ratio of ue from CRS-V-R test to ub from CRS-V-V test 
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5.7 Strain rate effect on horizontal consolidation characteristics  
5.7.1 Strain rate effect on pch 
Figure 5.31 shows the strain rate effect on pch obtained from CRS-H-V test. Majority of 
the values are in the range of 1.0 to 1.3, and the average value is about 1.15 (that is, about 
15% increase in pch with a tenfold increase in the strain rate). This is almost the same as the 
value of strain rate effect on pcv (Fig. 4.11). 






















Depth from ground surface H (m)  
Fig. 5.31 Strain rate effect on pch  
5.7.2 Strain rate effect on ch and kh 
Figure 5.32 shows the strain rate effect on ch obtained from CRS-H-V and CRS-V-R 
test (excluding 6 extremely scattered points). Majority of the values are bigger than 1, and 
the average value is about 1.25 (that is, about 25% increase in ch with a tenfold increase in 
the strain rate). This is very close to the value of strain rate effect on cv (Fig. 4.37). 



























Depth from ground surface H (m)  
Fig. 5.32 Strain rate effect on ch  
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Figure 5.33 shows the strain rate effect on kh obtained from CRS-H-V and CRS-V-R 
test (excluding 6 extremely scattered points). Majority of the values are bigger than 1, and 
the average value is about 1.25 (that is, about 25% increase in kh with a tenfold increase in 
the strain rate). This is very close to the value of strain rate effect on ch, which means that 
the increase of ch with increasing strain rate is due mainly to the increase of kh. 



























Depth from ground surface H (m)  
Fig. 5.33 Strain rate effect on kh  
5.8 Summary 
Based on the test and analysis results presented in this chapter, the following 
conclusions can be drawn. 
(1) The ratio of consolidation yield stress in the horizontal direction (pch) from CRS test 
using horizontally cut sample with vertical drainage (CRS-H-V) to the consolidation yield 
stress in the vertical direction (pcv) from CRS test using vertically cut sample with vertical 
drainage (CRS-V-V) is in the range of 0.5 to 1.0, with an average value of about 0.7. pcv 
from CRS test using vertically cut sample with radial drainage (CRS-V-R) is almost same 
with that pcv from CRS-V-V test.  
(2) Ariake clay has an anisotropic consolidation behavior. The coefficient of 
consolidation in the horizontal direction (chh from CRS-H-V test and chv from CRS-V-R 
test) is larger than that in the vertical direction (cv). This anisotropic consolidation behavior 
is mainly from the anisotropy of hydraulic conductivity (k). The ratio of k in the horizontal 
direction (kh) from CRS-V-R test to that in the vertical direction (kv) from CRS-V-V test is 
about 1.65 and the ratio of chv/cv is about 1.54. 
(3) The ratio of kh from CRS-H-V test to kv is about 1.34 and the ratio of chh/cv is about 
1.38. Therefore the kh and chh from CRS-H-V test is smaller than kh and chv from CRS-V-R 
test. It is considered that this difference may be resulted from different deformation pattern 
during consolidation. The micro-structure formed during deposition process may be 
destroyed more easily in CRS-H-V test. This implies that using the chh obtained from 
CRS-H-V test to design PVD improvement, it may underestimate the degree of 
consolidation due to PVD. 
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(4) The degree of strain rate effect on horizontal consolidation characteristics (pch, ch 
and kh) is almost the same with the strain rate effect on vertical consolidation 
characteristics (pcv, cv and kv). 
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6 NUMERICAL INVESTIGATIONS AND DISCUSSIONS 
6.1 Introduction 
There are two theories for interpreting CRS test results, i.e. small strain theory (Smith 
and Wahls, 1969; Aboshi et al., 1970; Wissa et al., 1971) and large strain theory (Umehara 
and Zen, 1980; Lee, 1981; Znidarcic et al., 1986). Small strain theory is simple and is 
adopted into the standard for CRS test (JSA, 2000b; ASTM, 2006). However, under a 
consolidation pressure of few hundreds kPa or even 1000 kPa, for a soft clay sample with 
an initial water content more than 100%, the strain can be as large as 30%. This kind of 
strain cannot be regarded as a small strain and large strain theory will be much more 
appropriate. Therefore, it is needed to clarify that under what kind condition the small 
strain theory can yield an acceptable result, and for what kind of condition, the large strain 
theory may result in a better or more realistic result.  
In this chapter, the strain distribution within the sample of CRS test obtained by small 
strain theory and large strain theory were compared with the results of numerical 
simulations. The strain rate effect on cv calculated by large strain theory was compared 
with that of small strain theory, and the applicable range of small strain theory is 
suggested. 
6.2 Strain distribution within the sample of CRS test 
6.2.1 Small strain theory 
Assuming the strain is infinitesimal and cv is constant, Wissa et al. (1971) obtained the 
strain distribution within a sample subjected to a constant rate of strain as follows:        


































ε       (6.1) 
where 𝜀 = vertical strain; r = strain rate; t = time; H = height of the sample; 𝑐v =
𝑘/𝛾w𝑚v (k = the hydraulic conductivity; 𝛾w = the unit weight of water; and 𝑚v = the 
coefficient of volume compressibility); z = the vertical coordinate of a point; Tv = time 
factor (𝑇v = cv𝑡/𝐻2). 
If the transient period is passed (𝑇v ≥ 0.5) (Wissa et al., 1971), the last part in Eq. (6.1) 
becomes negligible. Thus Eq. (6.1) becomes: 
























ε                (6.2) 
For 𝑐𝑣/𝑟𝐻2 = 100, 10 and 1, the results are shown in Figs. 6.1, 6.2 and 6.3. The strain 
distribution pattern varies with r. Also from Eq. (6.2) and Figs. 6.1, 6.2 and 6.3, it can be 
seen that the strain distribution pattern is parabolic. For a given soil sample, at any time, 
the difference between the strain at the top and at the bottom of the sample is a function of 
strain rate only and can be expressed as ∆𝜀 = (1/2)𝑟𝐻2/𝑐𝑣. At any point, the difference 
between the strains at any two times t1 and t2 is 𝑟(𝑡2 − 𝑡1). 
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Fig. 6.3 Strain distributions (small strain theory 𝑐v/𝑟𝐻2 = 1) 
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6.2.2 Large strain theory 
In engineering practice, under an embankment or a structure load the strain in clay 
deposit can up to 10 - 30%. Therefore the assumption of infinitesimal strain may not 
represent the actual situation. Mikasa (1963) proposed a large strain consolidation theory 
considering the change of the thickness of the sample during consolidation. The “original 
coordinate” z0 and “consolidation ratio” ζ = (1 + 𝑒0) (1 + 𝑒)⁄  (where e is void ratio e0 is 
the initial void ratio) were introduced. ζ can be related to the axial strain 𝜀 as ζ =1 (1 − 𝜀)⁄ . With the variable ζ, the governing equation becomes: 











∂ ζζζ                             (6.3) 
Eq. (6.3) is a non-linear partial differential equation of second order and cannot be solved 
explicitly. Using finite difference method, Eq. (6.3) can be approximated as following: 
      ( ) ( ) ( )[ ( )] ( )tztzztztzz
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where ζ̅  is the average value of ζ  within a time increment Δ𝑡 . To generalize the 
expression, the following dimensionless parameters are introduced. 
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Using the dimensionless variables (𝑍0,𝑇′), Eq. (6.4) becomes: 
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The solutions of Eq. (6.6) can be obtained by solving the following two equations. 












ζζ              (6.7) 











0 ζζζζ       (6.8) 
So the strain distributions under different average strain (𝑟𝑡) and 𝑐𝑣/𝑟𝐻02 value can be 
obtained, and the results for 𝑐𝑣/𝑟𝐻02 = 100, 10 and 1 are shown in Figs. 6.4, 6.5 and 6.6. 
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Fig. 6.6 Strain distributions (large strain theory 𝑐𝑣/𝑟𝐻02 = 1) 
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From Figs. 6.4, 6.5 and 6.6, it can be seen that at higher strain rate (Fig. 6.6) the pattern 
of strain distribution changes with time. At an early stage (𝜀̅ = 0.1), the strain at the top of 
the sample is about 25 times of that at the bottom of the sample. At a later stage (𝜀̅ = 0.5), 
the strain at the top of the sample is about 1.26 times of that at the bottom of the sample. 
This indicates that during the test, the higher strain increment zone was located first in the 
upper part of the sample and then moved to the lower part of the sample. 
Figure 6.7 shows the distributions of a strain increment of 0.001 at 3 different strain 
levels for 𝑐𝑣/𝑟𝐻02 = 1. At an early stage (𝜀:̅ 0.099-0.1), the strain increment at the top of 
the sample is larger than that at the bottom of the sample. At a later stage (𝜀:̅ 0.499-0.5), 
the strain increment at the bottom becomes larger. So the strain distribution pattern 





















Fig. 6.7 Strain increment distributions (large strain theory) 
6.2.3 Comparison of the theoretical strain distribution with numerical results 
To investigate the strain distribution pattern using numerical simulation, a correct void 
ratio (e) versus consolidation stress (𝑝′) relationship is important in numerical modeling. 
For most natural clay deposits, in 𝑒 − ln𝑝′ plot, the compression curves are non-linear 
(Burland, 1990). Chai et al. (2004) found that in ln(𝑒 + 𝑒c) − ln𝑝′ plot (ec is a constant 
and depends on soil type), the compression curves are very close to linear for most natural 
deposits. In numerical simulation, modified Cam clay model (MCC) (Roscoe and Burland, 
1968) with both linear 𝑒 − ln𝑝′ and linear ln(𝑒 + 𝑒c) − ln𝑝′ relationships were used to 
model the mechanical behavior of Ariake clay and the results were compared. 
(1) Simulating CRS consolidation test 
For the CRS test with the sample from BH-1 at 5.0-5.9 m depth with a strain rate of 
0.02%/min were simulated. The program used is a modified version of CRISP (Britto and 
Gunn, 1987), M-CRISP. The values of model parameters adopted are given in Table 6.1, 
which were determined from test results. 
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Table 6.1 Parameters for finite element analysis 
Description ν κ κ1 λ λ1 M 
p'y  
(kPa) 






𝑒 − ln𝑝′ 0.3 0.14 — 0.67 — 1.2 42.5 3.51 — 1.4 4.0E-04 20 ln(𝑒 + 𝑒c) − ln𝑝′ 0.3 — 0.05 — 0.30 1.2 42.5 3.51 -0.63 1.4 4.0E-04 20 
Note: ν, Poisson’s ratio; κ, slope of unloading-reloading line in 𝑒 − ln𝑝′  plot; κ1, slope of 
unloading-reloading line in ln(𝑒 + 𝑒c) − ln𝑝′ plot; λ, slope of virgin consolidation line in 𝑒 − ln𝑝′ plot; λ1, 
slope of virgin consolidation line in ln(𝑒 + 𝑒c) − ln𝑝′ plot; M, slope of critical state line in q-p′ plot (q is 
deviator);  p'y, size of the yield locus; eo, initial void ratio; k0, initial hydraulic conductivity; 𝜎v0′ , initial 
effective vertical stress. 
A reference for the method of calculating κ1, λ1 and ec is given (Chai et al., 2004). The 
value of p'y is calculated from: 
               
( )















+=′               (6.9) 
where p'c = the consolidation yield stress of the simulated sample; K0 = the coefficient of 
earth pressure at rest; M = the slope of critical state line in Cam clay model. The hydraulic 
conductivities listed in Table 6.1 are initial values, and during the consolidation it varied 
with e according to Taylor’s equation (Taylor, 1948): 
                              ( ) kceekk /0010
−=                           (6.10) 
where k0 and k = hydraulic conductivities corresponding to e0 and e, respectively; and ck = 
a constant, which can be estimated as 0.4e0 (Tavenas et al., 1983). 
The finite element mesh and the boundary conditions used are shown in Fig. 6.8. The 
thicknesses of the element varied from 1 to 4 mm. Eight-node quadrilateral elements with 
4 pore pressure nodes were adopted. Further, in FEM analysis, the node coordinates were 
updated at the end of each step to approximately consider the effect of large deformation. 
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The measured and simulated vertical effective stress versus vertical strain curves and 
excess pore water pressures at the bottom of sample are compared in Figs. 6.9 and 6.10 
respectively.  
Using linear ln(𝑒 − 0.63) − ln𝑝′ relation resulted in a better simulation than that using 
linear 𝑒 − ln𝑝′ relation. Then, the linear ln(𝑒 − 0.63) − ln𝑝′ relationship was used in 




















Effective vertical stress (kPa)
 
Fig. 6.9 Comparison of the stress-strain curves 































Effective vertical stress (kPa)  
Fig. 6.10 Comparison of excess pore water pressure variation 
(2) Simulated strain distribution patterns 
In both the small strain and large strain theories, cv is assumed as a constant. In FEM 
analysis, the cv is not a direct input parameter. Instead the hydraulic conductivity (k) and 
the parameter for compressibility are inputted. With a linear ln(𝑒 + 𝑒c) − ln𝑝′ 
relationship, mv can be expressed as: 
                            ( ) ( )peeem cv ′++= 1/1λ                      (6.11) 
using Eqs. (6.10) and (6.11), cv can be calculated. 
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Although by considering the change of mv and k during consolidation process, the 
variation of cv can be reduced, but there is no guarantee that cv is a constant. As an 
approximation, cv value corresponding to the average effective vertical stress of whole 
virgin consolidation process is used as the representative value for obtaining the different 
𝑐𝑣/𝑟𝐻02 values. 
The simulated strain distributions are compared with those from the small and large 






































Fig. 6.12 Comparison of strain distributions (𝑐𝑣/𝑟𝐻02 = 10) 
















 Small strain 
 
Fig. 6.13 Comparison of strain distributions (𝑐𝑣/𝑟𝐻02 = 1) 
From Figs. 6.11, 6.12 and 6.13, it can be seen that the strain distributions obtained by 
the large strain theory compare well with the numerical simulations. The strain 
distributions obtained by the small strain theory at higher strain rate (𝑐𝑣/𝑟𝐻02 =1) is quite 
different from that of numerical results, and they are more non-uniform. 
6.3 Comparing interpreted cv values from CRS test 
6.3.1 Comparing interpreted cv values  
The comparison of cv values calculated by small and large strain theories for soil 
samples from BH-1 at 5.0-5.9 m and 6.0-6.9 m depths are shown in Figs. 6.14 to 6.17. 
Figures 6.14 and 6.15 are for strain rate of 0.02%/min, and Figs. 6.16 and 6.17 are for 
strain rate of 0.2%/min. 




 Small strain theory
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Fig. 6.14 Comparison of cv (BH-1 5-5.9 m, 0.02%/min) 
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Fig. 6.15 Comparison of cv (BH-1 6-6.9 m, 0.02%/min) 
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Fig. 6.16 Comparison of cv (BH-1 5-5.9 m, 0.2%/min) 
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Fig. 6.17 Comparison of cv (BH-1 6-6.9 m, 0.2%/min) 
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It can be seen that cv values calculated by the large strain theory are smaller than the 
values of from the small strain theory. For a CRS test, at a given time t, the average strain 
(∆𝐻0 𝐻0⁄ ) and the strain ratio 𝜀B 𝜀T⁄  can be easily calculated. The ratio of the strain at the 
bottom to that at the top of a sample (𝜀B 𝜀T⁄ ) under different strain rate by large strain 
theory is shown in Fig. 6.18. For the purpose of comparison, the similar graph of small 
strain theory is calculated and shown in Fig. 6.19. 


































Fig. 6.18 Variations of 𝜀B 𝜀T⁄  (large strain theory) (Fig. 3.5bis) 

































Fig. 6.19 Variations of 𝜀B 𝜀T⁄  (small strain theory) 
Comparing Figs. 6.18 and 6.19, it can be found that for a given value of ∆𝐻0 𝐻0⁄  and 
𝜀B 𝜀T⁄ , a larger 𝑐𝑣/𝑟𝐻02 value can be interpolated from Fig. 6.19 (small strain theory) than 
that from Fig. 6.18 (large strain theory), and therefore a larger cv value. In other words, for 
a given ∆𝐻0 𝐻0⁄  and 𝑐𝑣/𝑟𝐻02 value, the small strain theory will yield a smaller 𝜀B 𝜀T⁄  
(more non-uniform strain distribution) and it does not represent the actual case (comparing 
with numerical simulation results).  
The values of cv in the virgin compression range were chosen for a detailed 
investigation of the interpreted cv by small strain and large strain theory. BH-1, 2, 3 and 4 
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under a given average effective vertical stress 𝜎�v′= 100 kPa and 200 kPa, and BH-5, 6, 7 
𝜎�v
′= 300 kPa. The comparison of the cv obtained by small strain and large strain theory are 
shown in Fig. 6.20 (0.02%/min) and Fig. 6.21 (0.2%/min). From Figs. 6.20 and 6.21, we 
can see that the cv values calculated by the large strain theory is about 0.5 times smaller 
than that by the small stain theory and the difference of cv calculated by the large strain 
theory and small strain theory increase with the increase of strain rate. 




 Large strain theory



















Depth (m)  
Fig. 6.20 Comparison of the cv (0.02%/min) 




 Large strain theory



















Depth (m)  
Fig. 6.21 Comparison of the cv (0.2%/min) 
6.3.2 Comparing interpreted strain rate effect on cv 
The variation of strain rate effect on cv (cv0.2%/min/ cv0.02%/min) in virgin compression 
range at different depth is shown in Fig. 6.22 for values both interpreted by small strain 
and large strain theory. Although the data are scattered, there is a tendency that the large 
strain theory results in less strain rate effects. 
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Fig. 6.22 Comparison of the strain rate effect on cv 
The cv values interpreted by the large strain theory are normalized by the value of strain 
rate of 0.02%/min, and plotted in Fig. 6.23. The linear regression gives about 14% increase 
for a tenfold increase in the strain rate, and it is less than the value interpreted by small 
strain theory (30% in Fig. 6.24). So the strain rate effect on cv is depend on which strain 
theory is used. For high strain rate, large strain theory should be used, it result in less strain 
rate effect on cv. So the value (14%) may be more appropriate to use in the numerical 
analysis. The cv increased with the increase of strain rate resulting from the increase of 
hydraulic conductivity (k) due to the coefficient of volume compressibility (mv) was almost 
same for different strain rates (Figs. 4.38 to 4.48). 





 Linear fit to the data
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Fig. 6.23 Strain rate effect on cv (large strain theory) 
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Strain rate normalized by 0.02%/min  
Fig. 6.24 Strain rate effect on cv (small strain theory) (Fig. 4.37bis) 
6.4 Summary 
Based on the analytical and numerical results in this chapter, the following conclusions 
can be drawn. 
(1) Small strain theory and large strain theory result in quite different strain distribution 
in a soil sample under constant rate of strain (CRS) test condition and the difference 
increases with the increase of strain rate. 
(2) Comparing the results of numerical analysis with that of small strain theory and 
large strain theory, indicates that the small strain theory can only be used for small strain 
rate (r) (𝑐v 𝑟𝐻2 ≥ 10⁄ , cv is the coefficient of consolidation, H is the thickness of the soil 
sample) and the large strain theory can be used for a larger range of strain rates.   
(3) The theoretical strain distribution patterns influence the calculated values of cv from 
CRS test results. It has been clarified that the large strain theory results in smaller cv value 
and less strain rate effect (14% increase of cv for a tenfold increase in the strain rate).  
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7 CONLUDING REMARKS 
7.1 Conclusions 
This dissertation mainly investigates the strain rate effect on consolidation behavior and 
anisotropic consolidation behavior of Ariake clay by constant rate of strain (CRS) tests. 
The theories for interpreting CRS test results are compared and their applicable conditions 
are also suggested. Based on the test, numerical and analysis results, the following 
conclusions can be drawn. 
(1) About the strain rate effect on consolidation behavior 
(a) The consolidation stress–strain curves are parallel in 𝑒 − log𝜎v′  plot (e is void ratio 
and 𝜎v′  is effective vertical stress), which indicates that isotach model is applicable to 
Ariake clay. Consolidation yield stress (pc) of Ariake clays increased by about 14% with a 
tenfold increase in the strain rate. 
(b) For a given strain level, the strain rate does not influence the compression index (Cc), 
as the isotach model implies. While for a given average effective stress, there is a tendency 
for Cc to increase with strain rate due to the non-linearity of 𝑒 − log𝜎v′ relation. 
(c) Under a given effective vertical stress, the coefficient of consolidation (cv) increased 
with the increase of strain rate resulting mainly from the increase of the hydraulic 
conductivity (k). Linear regression results in about a 30% increase of cv for a tenfold 
increase in the strain rate when using small strain theory to interpret the CRS test results.  
(d) Comparing the pc and cv values from the incremental loading (IL) and CRS tests 
suggests that the pc and cv values from CRS tests for a strain rate of 0.02%/min are 
comparable with those of IL tests. In 𝑒 − log𝜎v′ plot, the compression curve from the CRS 
test is more non-linear than that from the IL test, and the largest difference in Cc value 
from the CRS and IL tests occurred around the value of pc. 
(e) There is a clear relationship between the strain rate effect (SRE) and clay content. 
Increase of clay content, increases SRE. 
(2) About the anisotropic consolidation behavior 
(a) The ratio of consolidation yield stress in the horizontal direction (pch) to that in the 
vertical direction (pcv) is in the range of 0.5 to 1.0, and the average value is about 0.7. pcv 
value from radial drainage CRS test is almost same with that from vertical drainage CRS 
test.  
(b) The coefficient of consolidation in the horizontal direction (ch) is larger than that in 
the vertical direction (cv), and it is mainly from the anisotropy of hydraulic conductivity (k). 
The ratio of k in the horizontal direction (kh) from radial drainage CRS test to that in the 
vertical direction (kv) is about 1.65.  
(c) The kh value from CRS test using horizontally cut sample with vertical drainage is 
smaller than that from CRS test using vertically cut sample with radial drainage. The 
possible reason is the different deformation pattern of the two types of tests. The 
micro-structure formed during deposition process may be destroyed more easily in CRS 
test using horizontally cut sample with vertical drainage. 
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(d) The degree of strain rate effect on horizontal consolidation characteristics (pch, ch 
and kh) is almost the same with that of vertical consolidation characteristics (pcv, cv and kv). 
(3) About the theories for interpreting CRS test results 
(a) Small strain theory and large strain theory result in quite different strain distribution 
in a soil sample under constant rate of strain (CRS) test condition and the difference 
increases with the increase of strain rate. 
(b) Comparing the results of numerical analysis with the theoretical results indicates 
that the small strain theory can only be used for small strain rate (r) with 𝑐v 𝑟𝐻2 ≥ 10⁄  (H 
is the thickness of soil sample) and the large strain theory can be used for a larger range of 
strain rate.   
(c) The strain distribution patterns influence the calculated values of cv from CRS test 
results. It has been clarified that the large strain theory results in smaller cv value and less 
strain rate effect on cv value.  
7.2 Future works 
The following tasks are suggested for future study on the consolidation behavior of soft 
clay under constant rate of strain. 
(a) In this study, the strain rate adopted for CRS test is in the range of 0.02%/min to 
0.2%/min. The CRS test with a strain rate less than 0.02%/min needs to be conducted to 
further investigate the strain rate effect on the consolidation behavior of Ariake clay. 
(b) The correlation between strain rate effect and fundamental soil properties (e.g. 
plasticity index Ip) need to be investigated. In this study, it was found that no correlation 
exists between the strain rate effect and Ip. However, the sample for CRS test and liquid 
and plastic limit test were different. Same sample for CRS test and liquid and plastic limit 
test need be used to investigate the strain rate effect related to Ip. 
(c) k and therefore cv increase with increasing strain rate implies that the rate of 
consolidation is a function of strain rate. More researches need to be done for developing a 
consolidation theory considering the strain rate effect. In civil engineering design there is a 
tendency to adopting performance design rather than prescribed design. The key point of 
performance design is accurate prediction of the performance of the target structure. If a 
consolidation model considering the strain rate effect can be established, it can certainly 
help to increase the accuracy of consolidation analysis. 
(d) Large strain theory is more appropriate for interpreting CRS test result under large 
strain rate. However only small strain theory is adopted into the standard for CRS test due 
to there is no explicit equation for calculating cv by the large strain theory. Currently, the 
diagram method is used and it is inconvenient. A simple and easy to use method need be 
developed. 
 
- 97 - 
 
REFERENCES 
Aboshi, H., Yoshikuni, H. and Maruyama, S. (1970). Constant loading rate consolidation 
test. Soils and Foundations, 10(1), 43-56. 
ASTM Standard D 4186-06 (2006). Standard Test Method for One-Dimensional 
Consolidation Properties of Saturated Cohesive Soils Uing Controlled-Strain Loading, 
Annual Book of ASTM Standards, ASTM International, West Conshohocken, PA. 
Barron R. A. (1948). Consolidation of fine-grained soils by drain wells, Transaction of 
ASCE, 113, 718-743. 
Bo, M. W., Chu, J., Low, B. K. and Choa, V. (2003). Soil Improvement: Prefabricated 
Vertical Drain Technique. Thomson Learning, Singapore. 
Britto, A. M. and Gunn, M.J. (1987). Critical state soil mechanics via finite elements. Ellis 
Horwood Limited, Chichester, UK. 
Buisman, A. S. (1936). Results of long duration settlement tests. Proceedings of 1st 
International Conference on Soil Mechanics and Foundation Engineering, Cambridge, 
1, 103-107. 
Burland, J. B. (1990). On the compressibility and shear strength of natural clays. 
Geotechnique, 40(3), 329-378. 
Chai, J. C., Iribe, K. and Hino, T. Comparison of incremental load and constant rate of 
strain consolidation test results. (2006). Proceedings of 4th Asia Joint Symposium on 
Geotechnical and Geo-environmental Engineering, Dalian, 47-52. 
Chai, J. C. and Miura, N. (1999). Investigation of factors affecting vertical drain behavior. 
Journal of Geotechnical and Geoenvironmental Engineering, ASCE, 125(3), 216-226. 
Chai, J. C., Miura, N., Zhu, H.-H. and Yudhbir. (2004) Compression and consolidation 
characteristics of structured natural clay. Canadian Geotechnical Journal, 41(6), 
1250-1258. 
Chu, J., Choa, V., Loh, C. K. and Lam, T. I. (1997). Consolidation tests with a new 
consolidometer. Geotechnical Engineering in Asia: 2000 and Beyond, Proceeding of 
the 3rd Asian Young Geotechnical Engineers Conference, Singapore, 453-462. 
Crawford, C. B. (1964). Interpretation of the consolidation test. Journal of the Soil 
mechanics and Foundations Division, 90(5), 87-102. 
Gorman, C. T., Hopkins, T. C., Deen, R. C. and Drnevich, V. P. (1978). Constant rate of 
strain and controlled gradient consolidation testing. Geotechnical Test Journal, 1(1), 
3-15. 
Graham, J., Crooks, J. H. A. and Bell, A. L. (1983). Time effects on the stress-strain 
behaviour of natural soft clays. Getechnique, 33(3), 327-340. 
Hamilton, J. J. and Crawford, C. B. (1959). Improved determination of preconsolidation 
pressure of a sensitive clay. Special technical publication. 254, American Society for 
Testing and Materials, Philadelphia, 254-270. 
- 98 - 
 
Imai, G., Tanaka, Y. and Saegusa, H. (2003). One-dimensional consolidation modeling 
based on the isotach law for normally consolidation clays. Soils and Foundations, 
43(4), 173-188. 
Iribe, K. (2006). Influence of strain rate on consolidation characteristic of Ariake clay. 
Master thesis, Saga University, Japan. 
Jia R., Chai J. C., Hino T. and Hong Z. S. (2010): Strain rate effect on consolidation 
behavior of Ariake clay. ICE-Geotechnical Engineering. In press 
Jia R. and Chai J. C. (2010). Effect of strain distribution pattern on interpreting CRS 
consolidation test results. Proceedings of the Fourth Japan-China Geotechnical 
Symposium, Okinawa, Japan, 29-36. 
JSA (Japanese Standard Association) (2000a) JIS A 1217. Test method for 
one-dimensional consolidation properties of soils using incremental loading. JSA, 
Tokyo.  
JSA (2000b) JIS A 1227. Test method for one-dimensional consolidation properties of 
soils using constant rate of strain loading. JSA, Tokyo.  
Juirnarongrit, T. (1996). Constant rate of strain of consolidation test with radial drainage. 
Master thesis, Asian Institute of Technology, Thailand. 
Kabbaj, M., Tavenas, F. and Leroueil S. (1988). In situ and laboratory stress-strain 
relationships. Geotechnique, 38(1), 83-100. 
Lee, K. (1981). Consolidation with constant rate of deformation. Geotechnique, 31(2), 
215-229. 
Leroueil, S. (1988). Tenth Canadian Geotechnical Colloquium: Recent developments in 
consolidation of natural clays. Canadian Geotechnical Journal, 25(1), 85-107.  
Leroueil, S., Bouclin, G., Tavenas F., Bergeron, L. and Rochelle, P. L. (1990). 
Permeability anisotropy of natural clays as a function of strain. Canadian Geotechnical 
Journal, 27(6), 568-579. 
Leroueil, S., Kabbaj, M. and Tavenas, F. (1988). Study of the validity of a 𝜎v′ − 𝜀v − 𝜀v̇ 
model in in situ conditions. Soils and Foundations, 28(3), 13-25. 
Leroueil, S., Kabbaj, M., Tavenas, F. and Bouchard, R. (1985). Stress-strain-strain rate 
relation for the compressibility of sensitive natural clays. Geotechnique, 35(2), 
159-180. 
Leroueil, S., Tavenas, F., Samson, L. and Morin, P. (1983). Preconsolidation pressure of 
Champlain clays. Part II. Laboratory determination. Canadian Geotechnical Journal, 
20, 803-816. 
Mayne, P. E. and Kulhawy, F. H. (1982). K0-OCR relationships in soils. J. Geotech. Engrg. 
Div., ASCE, 108(6), 851-872. 
Mikasa, M. (1963). The Consolidation of Soft Clay- A New Consolidation Theory and Its 
Application, Kajima Institution Publishing Co., Ltd. (in Japanese). 
Miller, R. J. and Low, P. F. (1963). Threshold gradient for water flow in clay systems. 
Proceedings of the Soil Science Society of America, 27(6), 605- 609. 
- 99 - 
 
Moriwaki, T. and Satoh, T. (2009). Method for determining the horizontal coefficient of 
permeability of clay. 44th Annual Presentation of Geotechnical Engineering, 
Yokohama, 219-220. 
Miura, N. Chai, J. C., Hino, T. and Shimoyama, S. (1998). Depositional environment and 
geotechnical properties of soft deposit in Saga Plain. Indian Geotechnical Journal, 
28(2), 121-146. 
Ohtsubo M., Egashira K., and Kashima K. (1995). Depositional and post-depositional 
Geochemistry and its correlation with geotechnical properties of the marine clays in 
Ariake bay. Geotechnique, 45(3), 509-523. 
Park, Y. M. (1994). A research on the mechanical properties of lowland marine clay and 
vertical drain improvement method, Doctor of Engineering thesis, Saga University, 
Japan. 
Roscoe, K. H. and Burland, J. B. (1968). On the generalized stress-strain behavior of ‘wet’ 
clay. Engineering plasticity, J. Heyman and F.A. Leckie, eds., Cambridge University 
Press, Cambridge, U.K., 535-609.  
Rowe, R. W. and Barden, L. (1966). A new consolidation cell. Geotechnique, 26(2), 
162-170. 
Sea, T. H. and Juirnarongrit, T. (2003). Constant rate of strain consolidation with radial 
drainage. Geotechnical Testing Journal, 26(4), 1-12. 
Sea, T. H. and Koslanant, S. (2003). Anisotropic consolidation behavior of soft Bangkok 
clay. Geotechnical Testing Journal, 26(3), 1-11. 
Smith, R. E. and Wahls, H. E. (1969). Consolidation under constant rates of strain. Journal 
of the Soil Mechanics and Foundations Division 95(2), 519-539. 
Suklje, L. The analysis of the consolidation process by the isotaches method. (1957) 
Proceedings of 4th International Conference on Soil Mechanics and Foundation 
Engineering, London , 1, 200-206. 
Suzuki, K. and Yasuhara, K. (2004). Two case studies of consolidation settlement analysis 
using constant rate of strain consolidation test. Soils and foundations, 44(6), 69-81. 
Tanaka, H., Mishima, O. and Tanaka, M. (2000). The rate effect on pc value for nine 
undisturbed marine clays. Proceedings of the 10th International Offshore and Polar 
Engineering Conference, Seattle, 2, 649-652. 
Tanaka, H., Udaka, K. and Nosaka, T. (2006). Strain rate dependency of cohesive soils in 
consolidation settlement. Soils and foundations, 46(3), 315-322. 
Tatsuoka, F., Ishihara, M., Di Benedetto, H. and Kuwano, R. (2002). Time-dependent 
shear deformation characteristics of geomaterials and their simulation. Soils and 
foundations, 42(2), 103-129. 
Tavenas, F., Jean, P., Leblond, P. and Leroueil, S. (1983). The permeability of natural soft 
clays. Part Ⅱ . Permeability characteristics. Canadian Geotechnical Journal, 20, 
645-660. 
Taylor, D. W. (1948). Fundamentals of soil mechanics. John Wiley and Sons, N.Y. 
- 100 - 
 
Umehara, Y. and Zen, K. (1980). Constant rate of strain consolidation for very soft clayey 
soils. Soils and foundations, 20(2), 79-95. 
Vaid, Y. P., Robertson P. K. and Campanella, R. G. (1979). Strain rate behaviour of 
saint-jean-vianney clay. Canadian Geotechnical Journal, 16(1), 34-42. 
Wong L. S. (2005). Laboratory evaluation of horizontal coefficient of consolidation ch of 
fibrous peat soil. Master thesis, University of Malaya, Malaysia. 
Wissa, A. E. Z., Christian, J. T., Davis, E. H. and Heiberg, S. (1971). Consolidation at 
constant rate of strain. Journal of the Soil Mechanics and Foundations Division, 97(10), 
1393-1413. 
Yashima, A., Leroueil, S., Oka, F. and Guntoro I. (1998). Modelling temperature and 
strain rate dependent behavior of clays: one dimensional consolidation. Soil and 
Foundations, 38(2), 63-73. 
Yin, J. H. and Graham, J. (1989). Viscous-elastic-plastic modeling of one-dimensional 
time-dependent behaviour of clays. Canadian Geotechnical Journal, 26, 199-209. 
Yune, C. Y. and Chung, C. K. (2005). Consolidation test at constant rate of strain for radial 
drainage. Geotechnical Testing Journal, 28(1), 71-78. 
Znidarcic, D., Schiffman, R. L., Pane, V., Croce, P., Ko, H. Y. and Olsen, H. W. (1986). 
The theory of one-dimensional consolidation of saturated clays: part V, constant rate of 
deformation testing and analysis. Geotechnique, 36(2), 227-237. 
